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Long-term structural maintenance of neuronal networks is essential for sustaining 
brain functions. The size and pattern of dendrite arbors dictate the ability of neurons to 
receive and integrate synaptic inputs and are thus critical determinants of information 
processing in the brain. Established during embryonic and postnatal development, 
dendrite arbors and many dedritic spines are largely stable in adulthood and are 
maintained for the lifetime of an organism. Late-onset retraction of dendritic arbors and 
spine loss are the most consistent morphological correlatlations of common neurological 
disorders including schizophrenia, chronic stress, anxiety and Alzheimer’s disease. 
Molecular signals that sustain neuronal morphology and synaptic connectivity in the 
adult nervous system, however, remain largely unknown.  
Wnts are secreted glycoproteins that have critical and evolutionarily conserved 
functions during embryonic development. In the nervous system, Wnt5a has emerged, 
among the 19 vertebrate Wnts, as a critical regulator of neuronal morphogenesis and 
synapse formation during development. Interestingly, I found that in the mouse 
hippocampus, a brain structure critical for the learning and memory, the onset of Wnt5a 
expression occurs only postnatally. Owing to the early neonatal lethality and global 
developmental defects in conventional Wnt5a mutant mice, the functions of Wnt5a in the 
postnatal brain are poorly understood. 
Using Wnt5a conditioanl knockout mouse model, I investigated the functions of 
Wnt5a in the adult hippocampus. I reveal an essential role for Wnt5a in maintaining 
dendrite morphology in the adult hippocampus. Neuron-specific deletion of Wnt5a in 
mice does not compromise dendrite development in CA1 hippocampal pyramidal 
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neurons, but results in striking adult-onset defects in dendrite arborization, total dendritic 
lengths and spine densities that manifest after 3 months of age in mice. 
Electrophysiological analyses revealed impaired synaptic plasticity that preceded the 
onset of structural alterations in dendrites. Notably, adult Wnt5a mutant animals showed 
defects in cognitive functions that progressively declined with the manifestation of 
structural abnormalities. Furthermore, biochemical analyses showed attenuated signaling 
of key components of calcium and planar cell polarity pathways, and a decrease in 
CREB-mediated transcription of the obligatory NMDA receptor subunit, GluN1, in the 
mature Wnt5a mutant hippocampus. These molecular changes could underlie the 
cognitive and structral abnormalities due to the loss of Wnt5a. Together, this study 
provide the first direct in vivo evidence that Wnt5a is essential for maintenance of 
neuronal connectivity and for cognitive functions and provide insight into 
neuroprotective mechanisms in the adult brain. 
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Chapter 1: Introduction 
        
Neurons are highly polarized cells that consist of soma, axons and dendrites. These 
unique structures allow neuronal activity to be transmitted from axons of an upstream 
neuron to dendrites of downstream neurons via specialized structures called synapses. 
Neuronal activity is a key player in regulating neuronal development and maintaining 
brain circuits. It not only locally determines the synaptic strength, regulates stability and 
plasticity of synapses, dendrites and axons but also controls gene expression that can 
have a global effect on the entire neuron (Hua and Smith, 2004; McAllister, 2007). The 
local regulation of synaptic funcion by neuronal activity involves synaptic vesicle release 
in the pre-synaptic terminal as well as scaffold protein and neurotransmitter receptors 
trafficking in the post-synapse sites  (McAllister, 2007; Newpher and Ehlers, 2008; 
Saneyoshi et al., 2008).  Interestingly, recent studies have shown that neuronal activity 
regulates the release and expression of Wnts (Ataman et al., 2008; Gogolla et al., 2009; 
Sahores et al., 2010; Wayman et al., 2006). Moreover, Wnts, Wnt receptors and their 
downstream effectors are found to modulate various aspects of neuronal funcion 
including synaptic vesicle release and formation of synapses in several species during 
animal development (Cerpa et al., 2008; Lucas and Salinas, 1997; Packard et al., 2002). 
 
Wnts , Wnt receptors and their signaling 
Wnts are first identified as early morphogen that play key roles in various aspects of 
animal development such as cell fate determination, proliferation, differentiation and 
embryonic patterning (Angers and Moon, 2009; Davidson and Niehrs, 2010; Petersen and 
Reddien, 2009). Wnts are secreted proteins belonging to a family with 19 highly 
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conserved members. Importantly, Wnts have been shown to bind to a variety of receptors 
and co-receptors in different type of tissues and during different time of development, 
thus are not surprisingly involved in the initiation of multiple signaling pathways during 
development (Nusse and Varmus, 2012; van Amerongen and Nusse, 2009). In the pass 
decade, Wnt signaling cascades were found to be critical for several developmental 
processes in the nervous system, such as neural tube patterning, neuronal differentiation, 
axon guidance, dendritic development, and synapse formation (Fradkin et al., 2010; Hur 
and Zhou, 2010; Korkut and Budnik, 2009; Salinas and Zou, 2008). Genetic mutations in 
Wnts and Wnt receptors their downstream effectors have been repeatly identified in many 
pathological diseases such as cancer, late-onset Alzheimer’s disease, Familial Exudative 
Vitreoretinopathy, bone density defects, and Type II diabetes (Liu et al., 2014; Milat and 
Ng, 2009; Nikopoulos et al., 2010; Welters and Kulkarni, 2008). 
Wnt signalings are extremely complex. In addtion to the 19 conserved Wnts, various 
Wnt receptors and co-receptors also contribute to the diversity of Wnt signalings. 
Frizzled (Fz), seven-pass transmembrane protein receptors,  are the most well known 
receptors for Wnt ligands and includes a family of 10 frizzled family receptors. Fz 
receptors can function alone or cooperated with other co-receptors, the low-density 
lipoprotein receptor related protein-LRP5 or LRP6, to initiate various Wnt signaling 
pathways (Angers and Moon, 2009; MacDonald et al., 2009; van Amerongen and Nusse, 
2009). Besides Fz family receptors, Wnts also interact with tyrosine kinase receptors-
Derailed (Drl)/Ryk and Ror (van Amerongen and Nusse, 2009). Through binding with 
different receptors, Wnts activate distinct signaling cascades. These cascades can be 
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largely classfied as the canonical (-catenin) pathway and the non-conical pathway, 
which is further sub-divided into the planar cell polarity (PCP) and the calcium pathways. 
In the canonical signaling pathway, Wnts bind to Fz receptors and their co-receptors 
(LRP5 or LRP6)  to recruit the scaffold protein dishevelled (Dvl) in inhibiting the 
Glycogen synthase kinase 3 (GSK-3activity (Angers and Moon, 2009; Amerongen 
and Nusse, 2009). This inhibition of  GSK-3subsequently relives -catenin from 
protein degradation and allows it to translocate to the nucleus, where it can activate 
transcritions of many target genes through its interactions with other transcription factor- 
TCF /LEF.  
In the PCP pathway, one of the non-canonical pathway, Wnt signalings are initiated 
by Fz receptors and their downstream effector- Dvl, which activate the small GTPases, 
Rac1 and RhoA, and subsequently lead to the activations of c-Jun-N-terminal kinase 
(JNK) and Rock signaling cascades. The other non-canonical pathway, the calcium 
pathway, Wnt singlaing is  also initiated by Fz and Dvl but activates phospholipase C 
(PLC), which hydrolyzes phospholipid and converts it to diacyl glycerol (DAG) and 
inositol 1,4,5-trisphosphate (IP3). The IP3 then activates Inositol trisphosphate receptor, a 
calcium channel on the ER membrane and induces calcium release from the ER storage. 
The increase in intracellular calcium concentration then activates various important 
protein kinases including protein kinase C, calcium–calmodulin kinase II (CaMKII) and 
calmodulin (Kohn and Moon, 2005). As a result,  calcium pathway signaling has been 
shown to play important roles in  the regulation of neuronal plasticity,  cytoskeleton 
organization and activation of gene transcription (Kohn and Moon, 2005).  
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Wnt machinery expression in the brain 
The expression of Wnts and other proteins involved in Wnt signaling machinery 
have been identified in many brain regions including cerebral cortex, olfactory bulb, 
hippocampus, neocortex and thalamus (Shimogori et al., 2004). Although Wnts are 
identified as early morphogen that play important roles during animal early development, 
Wnt1, Wnt5a, and Wnt7a are also expressed in postnatal stage in areas, such as the 
olfactory bulb, piriform cortex and other olfactory related areas, and are continuously 
expressed till adulthood (Shimogori et al., 2004). Additionally, several Wnts are detected 
in young adult rodents, including Wnt1, Wnt2, Wnt4, Wnt5a, Wnt7a, Wnt7b, Wnt8b and 
Wnt11 (Cerpa et al., 2008; Shimogori et al., 2004; Wayman et al., 2006). Interestingly, 
the transcript levels of some Wnts are particularly enriched in olfactory bulb and dentate 
gyrus (DG) in the hippocampus where the neurons have ability to generate from neural 
stem cell. Expressions of Wnt5a, Wnt7a and Wnt8b, for example, are specifically 
enriched in the layers of DG, suggsting their function in neurogenesis. In the neocortex, 
expression patterns of some Wnts aprear to be layer- and region-specific (Shimogori et 
al., 2004). For example, Wnt2b expression is enriched in layer 4 and 6 of the 
somatosensory cortex, and in layer 6 of the visual and auditory cortex in young 
adulthood. Both Wnt5a and Wnt7a transcripts are also detected as layer-specific in the 
cortices, including prefrontal, parietal and temporal neocortex (Shimogori et al., 2004). 
Moreover, Wnts and  Wnt signaling components are expressed in the thalamus, a region 
that  relays most of the sensory and motor signals to the cortex. Because sensory and 
motor inputs are constantly changed and need to be modulated, Wnt signaling may have 
important function in regulating activity and connectivity between thalamus and cortex.  
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Fz receptors, the major Wnt receptos, are expressed in the brain with interesting 
spatial and temporal patterns. Fz3 expresses in the olfactory system only from postnatal-
day (P) 0 to P7, but its transcript is detected ubiquitously in the hippocampal pyramidal 
cell layer, DG granular cells and preiform cortex until adulthood (Shimogori et al., 2004). 
Fz7 expression is detected in the pyramidal cell layer of hippocampus but there is no 
postnatal expression of Fz7 in the neocortex (Shimogori et al., 2004). Other Fz receptors, 
Fz1, Fz2, Fz8, Fz9 and Fz10, are ubiquitously expressed in the neocortex and 
hippocampus until young adulthood. Fz1, Fz2 and Fz9 expression patterns are correlated 
with Wnt5a expression in OB and DG.  Fz4, Fz5 and Fz6 show postnatal expression only 
in the thalamus but can not be detected in other region postnatally (Shimogori et al., 
2004) .  In summary, these distinct expression patterns of Wnts and their receptors in the 
brain suggests that Wnt pathways might be involved in neurogenesis (OB and DG), 
sensory and motor processing (thalamus) and cognitive functions (cortex and 
hippocampus) in different brain areas. 
 
Wnt signaling in the central synapse development 
In the central nervous system (CNS),  Wnt and their correlated receptors signaling 
through pathways that have been suggested to promote synapse formation and synaptic 
function (Cerpa et al., 2008; Farias et al., 2009; Packard et al., 2002). The first identified 
Wnt involved in the central synapse development is Wnt7a, which is secreted from 
cerebellar granule cells to promote synapsin 1, a presynaptic marker, clustering in 
cultured neurons (Lucas and Salinas, 1997).  Further in vivo evidence showed that Wnt7a 
regulates the formation of the mossy fiber and granule cell synapse in the cerebellum 
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(Hall et al., 2000). Moreover, applying Wnt7a, Wnt3a or Wnt3b, Wnts that are involved 
in the canonical pathway, independently into cultured hippocampal neurons have been 
reported to increase synaptogenesis (Cerpa et al., 2008; Sahores et al., 2010; Varela-
Nallar et al., 2010b). Furthermore, Wnt5a, via the non-canonical pathway, has been 
shown to promote PSD-95, major postsynaptic scaffold proteins at excitatory synapses, 
clustering and stimulate synapse formation (Farias et al., 2009; Varela-Nallar et al., 
2010a). On the other hand, Wnt5a also regulates GABAA receptors recycling (Cuitino et 
al., 2010). Wnt8a works through canonical pathway to promote synaptogenesis by 
activacting receptor Fz/LRP6 (Sharma et al., 2013). Together, these studies suggest that 
both canonical and non-canonical Wnt signalings play critical roles in pre- and post-
synaptic structure and function in the brain.  
 
Role of Neuronal Activity in Wnt-Mediated synaptic and dendrite Morphogenesis 
Neuronal activity is a key regulator of synaptic and dendritic development (Heiman 
and Shaham, 2010; Hua and Smith, 2004). In the CNS, neuronal activity has been shown 
to remodel dendritic spines in enlarging the size of the spine head and shortening the 
length of the spine neck (Bosch and Hayashi, 2012). Elevation of neuronal activity by 
KCl-mediated neuronal deplorization increases dendritic arborizations of cultured 
hippocampal neurons through the -catenin-dependent canonical pathway (Yu and 
Malenka, 2003). In contrast, applying Dkk-1, a Wnt antagonist, showed decreased 
dendritic branches after KCl stimulation (Yu and Malenka, 2003). In addition, Wnt7b and 
Dvl1 have also been shown to promote dendritic branching through the downstream Rac1 
and JNK signaling in vitro (Rosso et al., 2005). Interestingly, expression or secretion of 
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Wnts are often associated with neuronal activity. For example, neuronal activity has been 
shown to increase Wnt2 gene expression, via the CREB-dependent transcription, to drive 
dendritic outgrowth in culture hippocampal neurons (Yu and Malenka, 2003). Another 
independent research group found that KCl activated signaling cascades including 
NMDARs, CaMKK, CaMKI, MEK/ERK and Ras, and in turns enhances Wnt2 
transcription via CREB activation (Wayman et al., 2006). Working as feedback loop, 
many Wnt members’ transcripts such as Wnt2, Wnt5a, Wnt7a and Wnt7b are also up-
regulated by neuronal activity.  
The first in vivo evidance to link Wnt signaling and neuronal activity is from a study 
in  the adult hippocampus. Raising adult mice in an enriched environment (EE), a 
paradigm to naturally enhance neural activity, induces an increase in the remodeling of 
mossy fiber terminals, spine densities, and synapse number (Gogolla et al., 2009). In the 
same EE paradigm, Wnt7a/b transcripts were increased in hippcampal CA3 region. In 
addition, Wnt7a application alone mimics the effects of EE on the spine density and 
mossy fiber terminal remodeling. Collectively, these results demonstrate that Wnt 
signaling correlates with neuronal activity to regulate synapse formation in the 
hippocampus. 
 
Wnt signaling in neuronal function: From activity to plasticity  
Neuronal activity-dependent secretions of Wnts also regulate synaptic efficacy and 
plasticity. Patterned activity introduced by electrical stimulations on acute brain slices is 
known to induces long-lasting increase in synaptic strength (long-term potentiation, LTP) 
or the opposite (long-term depression, LTD). Interestingly, LTP induction changes 
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transcripts of Wnt protein and downstream effectors such as Wnt3a, Fz4, -catenin and 
Dvl3 (Chen et al., 2006). Moreover, LTP induces the translocation of catenin from 
cytoplasm to the nucleus and leads to the initiation of several Wnt-targetted gene 
transcriptions (Chen et al., 2006). This evidence shows that increased activity by LTP 
stimulation can activate Wnt/catenin/TCF pathway in hippocampus.  On the other 
hand, activation of Wnt signaling also increases synaptic transmission and facilitates LTP 
in hippocampal brain slices and in cultured neurons (Budnik and Salinas, 2011; Inestrosa 
and Arenas, 2010). These studies indicate that Wnt signaling plays important roles in the 
regulation of spontaneous and activity-dependent neuronal funciton. However, little is 
know about physiological functions of Wnt signalings in live animals. Recent evidence 
showed that animals trained in the hidden platform Morris water maze (MWM) showed 
increased Wnt7a transcript in the hippocampus compared to animals trained in the visible 
platform. Surprisingly, the expression of Wnt7a transcripts are enriched specifically in 
the granule cells of DG after training (Tabatadze et al., 2012). Similarly, Wnt5a 
expression is also increased in the same learning and memory task. Interestingly, mice 
perfused with either Wnt signaling potentiator-1 (WASP-1), an activator of Wnt/-
catenin pathway (Beaumont et al., 2007), or the formylated Wnt5a-derived hexapeptide 
(FOXY-5), an activator of both Wnt/JNK and Wnt/Ca2+ signaling (Safholm et al., 2008), 
showed improved performance in the MWM test and in the novel object recognition task  
(Vargas et al., 2014). Together, these results indicate that both canonical and non-
canonical Wnt pathways are important for animal cognitive function.  
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 The breakthroughs in molecular and genetic techniques over the last 30 years have 
facilitate our understanding on how environment stimulations modulate and shape the 
brain circuitry. Sensory inputs transformed into neuronal activity which has been shown 
to play important roles in the formation and refinement of neuronal connectivity by 
modulating the number, morphology and plasticity of synapses- the junction between pre-
synaptic axons and post-synaptic dendrites. Additionally, many activity-dependent genes 
are identified along with the discovery of their essential roles in regulating not only the 
neuronal transmission, but also higher brain functions such as learning and memory. 
Malfunctions of these genes, for example activity-dependent transcription factors, are 
often found to be associated with cognitive deficits in human and animal models (West 
and Greenberg, 2011).  
Accumulating evidence provides a strong link between neuronal activity and Wnt 
signaling in many aspects. First, increased neuronal activity, for example with KCl-
mediated neuron depolaration, induces the release and/or expression of Wnt proteins 
(Inestrosa and Arenas, 2010; Yu and Malenka, 2003). Second, activation of NMDA 
receptors by neuronal activity can trigger CREB-dependent transcription, and in turn up-
regulates Wnt expression. Activity-upregulated Wnt2 signaling, for example, is reported 
to be crucial to promotes activity-dendritic arborization in hippocampal neurons (Yu and 
Malenka, 2003). Further in vivo evidence showed that activity-dependent Wnt signaling 
regulates synaptic connectivity in the hippocampus of behaving animals. Mice raised in 
an enriched environment (EE) showed enhanced Wnt7a/b expression in CA3 region 
which correlates with the increased remodeling of mossy fiber terminals, spine densities, 
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and synapses number in the same region (Gogolla et al., 2009). Importantly, brain slices 
treated with Wnt7a showed similar effects in changing the number of synapses and 
remodeling mossy fiber terminals as EE, providing a strong evidance for the activity-
dependent Wnt funcion in synaptic connectivity and neuronal morphology. Together, 
these finding suggests that neuronal activity regulates neuronal morphology by 





Using in situ hybridization and immunoblotting, we analyzed expression of Wnt5a in 
the mouse hippocampus at time points ranging from embryonic day 18 (E18) to 6 months 
of age (Figures 2.1 and Figure 2.2). We observed Wnt5a expression starting at 1 week 
after birth, and the expression level increased prominently by 2 weeks of age and was 
sustained at adult stages. Wnt5a mRNA was localized throughout the hippocampal 
formation and was enriched in the dentate gyrus (DG) and the Cornu Ammonis (CA)1 
region. This expression pattern in the hippocampus is consistent with previous findings 
(Shimogori et al., 2004), and that in Allen Brain Atlas (http://www.brain-map.org/) where 
Wnt5a expression has also been noted in the cerebellum and to a lesser degree in the 
cerebral cortex and olfactory bulb in the adult mouse brain. That prominent Wnt5a 
expression in the hippocampus is detected only at postnatal stages is intriguing given the 
reported roles of Wnt5a in embryonic processes in the brain (Blakely et al., 2011; Boitard 
et al., 2015; Keeble et al., 2006; Li et al., 2009; Zhang et al., 2007). We also found that 
the onset of Wnt5a expression in hippocampal neurons correlated with the appearance of 
many pre- and post-synaptic proteins (Figure 2.2).  
 Our observation that Wnt5a expression is coincident with synaptic maturation and 
recent studies that expression and/or release of certain Wnt proteins are enhanced by 
activity-dependent mechanisms in acute adult brain slices or in response to sensory or 
learning experience in vivo (Chen et al., 2006; Gogolla et al., 2009; Wayman et al., 2006) 
prompted us to take a closer look at the role of neuronal activity in regulating Wnt5a 
expression. Indeed, we observed that subjecting mice (2 months old) to electro-
convulsive shock, a procedure that globally increases neural activity (Cole et al., 1990), 
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resulted in a 1.65 fold increase in the levels of Wnt5a protein and 2.14 fold increase in 
transcripts in the hippocampus after 1 hr, and which persisted up to at least 4 hr following 
electro-convulsive shock treatment (Figures 2.3 A and B; Figures 2.4). Up-regulation of 
the transcript and protein levels of the immediate early gene Arc, known to be regulated 
by neuronal activity (Lyford et al., 1995), was used to assess the effectiveness of the 
electro-convulsive paradigm (Figures 2.3 A and B; Figures 2.4).  We then check Wnt5a 
protein level in other brain regions –cortex and cerebellem with the same electro-
convulsive shock procotol and find Wnt5a protein levels also up-regulated by activity 
(Figures 2.5). Furthermore, in cultured rat hippocampal neurons, the activity blocker 
tetrodotoxin (TTX) significantly reduced Wnt5a protein levels, suggesting that Wnt5a 
expression is also influenced by spontaneous activity (Figures 2.6 A-D). Conversely, 
treatment with the GABAA receptor blocker, bicuculline, or potassium chloride (KCl)-
mediated depolarization, that enhance neuronal activity resulted in increased Wnt5a 
levels (Figures 2.6 A-D). Together, these results suggest that Wnt5a expression is 








Figure 2.1: Wnt5a transcript is detected in postnatally, but not prenatally, in the 
hippocampus. 
In situ hybridization shows Wnt5a transcript in the mouse hippocampus at postnatal 
stages. Wnt5a is absent at the day of birth (P0) but is detected by 1 week and is abundant 




























             
 
Figure 2.2: Wnt5a protein expression is detected 1 week after birth, peaks at 4 
weeks and persists to adulthood. 
Onset of Wnt5a protein expression coincides with the appearance of pre- and post-
synaptic proteins in hippocampal neurons. Hippocampal homogenates from mice of 
different ages (ranging from E18 to 6 months) were probed using antibodies against 




               
              
Figure 2.3: Electro-convulsive shock paradigm up-regulates Wnt5a protein 
expression in the mice hippocampus. 
(A) Electro-convulsive (ECS) shock treatment enhances Wnt5a and Arc protein levels in 
the hippocampus. Immunoblots were stripped and reprobed for tubulin to account for 
protein normalization. (B) Densitometric quantification of Wnt5a and Arc protein levels. 
Results are mean ± SEM from 6 independent experiments. Results are mean ± SEM from 
6 independent experiments. *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA followed 
by Tukey's post-test.  
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Figure 2.4: Electro-convulsive shock paradigm up-regulates Wnt5a transcript 
expression in the hippocampus. 
qPCR analyses show increased Wnt5a and Arc transcripts in hippocampal lysates with 
electro-convulsive shock. Results are mean ± SEM from 7 and 4 independent 
experiments for Wnt5a and Arc, respectively. *p<0.05, **p<0.01, ***p<0.001, one-way 





Figure 2.5: Electro-convulsive shock paradigm up-regulates Wnt5a protein 
expression in the cortex and cerebellum. 
 (A) Electro-convulsive (ECS) shock treatment enhances Wnt5a protein levels in the 
cortex. Immunoblots were stripped and reprobed for tubulin to account for protein 
normalization. (B) Densitometric quantification of Wnt5a protein levels. Results are 
mean ± SEM from 7 independent experiments. *p<0.05, one-way ANOVA followed by 
Tukey's post-test. (C) Electro-convulsive (ECS) shock treatment enhances Wnt5a protein 
levels in the cerebellum. Immunoblots were stripped and reprobed for tubulin to account 
for protein normalization. (D) Densitometric quantification of Wnt5a protein levels. 







Figure 2.6: Wnt5a protein expression is regulated by neuronal activity in primary          
hippocampal neurons. 
(A-D) Treatment of rat hippocampal neuron cultures with the activity blocker 
tetrodotoxin (TTX) significantly reduced Wnt5a protein levels (compare lanes 1 and 2 on 
Wnt5a immunoblots in A, C, and quantifications in B, D). Wnt5a protein levels 
subsequently increase after TTX is washed away, and neurons are treated with the 
GABAA receptor blocker, bicuculline (40M) (A, B), or depolarizing neurons with KCl 
(20 mM) (C, D) for the indicated time points. Blots were reprobed with tubulin for 
protein normalization. Densitometric quantification of Wnt5a protein after treatments are 
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shown in (B, D). Results are mean ± SEM from 5 and 11 independent experiments for 
(B) and (D), respectively. *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA followed 
by Tukey's post-test.   
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Disscusion 
Wnts are identified as morphogens that controlling axis foramation and cell fate 
determintation during early animal development. Conversely, we found that Wnt5a 
transcript and protein levels are not detable until the postnatal day 7 in the mouse 
hippocampus. Wnt5a is profound expressed around 1 month old age and last to the 
adulthood. In the central nervous system, neuronal activity plays important rores in 
regulating neuron outgrowth, synaptic function and circurity formation. Here we found 
that Wnt5a expression level can be up-regulated by neuronal activity in primary 
hippocampal cultures. Moreover, applying electro-convulsive shock to stimulate brain 
activity in mice also elevated the Wnt5a transcripts and protein levels in the 
hippocampus, cortex and cerebellum.  These results indicate that Wnt5a  is an activity-
dependent regulated gene at the transcription level.  
Calcium signaling is a key mechanism underlying activity-dependent gene 
regulation in neurons. At excitatory synapses, neuronal activity leads to Ca2+ influx 
largely via N-methyl-D-aspartic acid (NMDA)-type glutamate receptors and L-type 
voltage-gated Ca2+ channels (L-VGCCs) which then trigger a series of intracellular 
signaling events. Therefore, in the furture we will further investigate the involvement of 
NMDA receptors and L-VGCCs in regulating Wnt5a expression by using established 
pharmacological blockers (MK801, APV and nifedipine). Interestingly, in contrast to 
CREB, the “usual suspect” transcriptional regulator of NMDA-mediated signaling, 
former graduate student Dr. Daniel Bodmer from our laboratory has found that a 
dominant negative form of the transcription factor, serum response factor (SRF) 
selectively attenuated Wnt5a levels in sympathetic neurons. Consistently, sequence 
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analyses of promoter region of Wnt5a revealed two consensus SRF binding sites. 
Furthermore, SRF has been implicated in activity-dependent transcriptional changes in 
hippocampal neurons. Thus, it would be interesting to employ SRF conditional mutant 







All procedures relating to animal care and treatment conformed to institutional and NIH 
guidelines. Animals were housed in a standard 12:12 light-dark cycle. Sprague Dawley 
rats were purchased from Charles River. Hippocampal neuron cultures were established 
from embryonic day 18 (E18) rat pups as previously described (Araki et al., 2015) 
 
In situ hybridization 
In situ hybridization was performed using a digoxigenin labeled probe spanning a 572 bp 
region within Wnt5a exon 2. Mouse brains of various ages were fresh frozen in OCT 
(Tissue-Tek) and serially sectioned (20m) using a cryostat. Sections were post-fixed in 
4% paraformaldehyde (PFA), washed in PBS and acetylated with 0.25% acetic anhydride 
in 0.1 M triethanolamine with 0.9% NaCl. After hybridization with the labeled RNA 
blocked with TBS containing 1% normal goat serum and then incubated with alkaline 
phosphatase-labeled anti-DIG antibody (1:5000; Roche) overnight at 4°C. The alkaline 
phosphatase reaction was visualized with NBT/BCIP, rinsed in PBS, fixed in 4% PFA 
and mounted in AquaMount (EMD Chemicals). 
KCl-mediated depolarization or bicuculline treatment of cultured hippocampal 
neurons 
Hippocampal neurons were harvested from E18 Sprague-Dawley rats and grown in poly-
L-lysine coated 12 well plates. Cells were maintained in plates with Neurobasal media 
supplemented with B27, penicillin/streptomycin (1U/ml), and GlutaMax. Cultured 
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hippocampal neurons were treated with TTX (1M/ml) for 48 hr on d.i.v 18 to silence 
neuronal activity, then TTX was washed away using several washes with Neurobasal 
culture media, and neurons were then stimulated with either KCl (20mM) or Bicuculline 
(40M/ml) for different times. 
 
Electro-convulsive shock (ECS) 
Electro-convulsive shock was administered in 8 week-old male C57BL/6 mice as 
previously described (Ramanan et al., 2005). Following attachment of saline-soaked ear 
clips to the mice, 15mA electric pulses (100 Hz, 0.4 ms/ pulse) were delivered through 
mouse brains for 1 sec using the Ugo Basile ECT unit, Model 57800. Hippocampal 
tissues were harvested at 1 hr or 4 hr after ECS treatment, and subjected to qPCR or 
immunoblotting analyses for Wnt5a and Arc. Total protein concentrations were estimated 
using the BCA assay.  
 
Statistical analyses 
All Student’s t tests were performed using two-tailed, unpaired, and a confidence interval 
of 95%. One-way or two-way ANOVA analyses were performed when more than two 
groups were compared. Statistical analyses were based on at least 3 independent 
experiments, and described in the figure legends. All error bars represent the standard 
error of the mean (s.e.m).   
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In the past decade, studies have revealed that Wnt signaling is critically involved in 
many key processes in the CNS, including neurogenesis (Lie et al., 2005), synaptic 
plasticity (Oliva et al., 2013; Tang, 2014), axon guidance (Bodmer et al., 2009; Onishi et 
al., 2014) and dendritic development (Rosso et al., 2005; Yu and Malenka, 2003). 
Although most of these processes occur during early neuronal development, the 
maintenance of neuronal structural is also essential for sustained brain connectivity and 
brain function in the adult brain. The size and complexity of dendrite structure define the 
ability of neurons to receive and process synaptic inputs, therefore are imoportant factors 
for the brain to process information. After an active growing phase during development, 
dendrite arbors and spines denisties are relative stable and maintained in the adulthood 
(Koleske, 2013). Many neurological disorders including schizophrenia, chronic stress, 
anxiety and Alzheimer’s diseases have been strongly associated with late-onset decreases 
in dendritic structure complexity and/or loss of spine number (Anderton et al., 1998; 
Broadbelt et al., 2002; Kaufmann and Moser, 2000; Kulkarni and Firestein, 2012). Thus, 
there must be specific molecular signalings to maintain neuronal morphology and 
synaptic connectivity in the adult nervous system. Currently, little is known about 
dendrite support mechanisms in adult neurons. Of note, CA1 pyramidal neurons in the 
hippocampus are particularly vulnerable in Alzheimer’s Disease and exhibit extensive 
dendrite arbor loss that correlates with the degree of cognitive decline (Flood, 1991). 
Identification of adult maintenance mechanisms would be highly relevant to the 
understanding of the structural bases of animal behaviors, as well as the etiology of 
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neurodegenerative diseases where extensive dendritic anomalies are manifested late in 
life. 
Wnt5a is a member of the Wnt protein family and plays important roles in neuronal 
structure and fucnion, for example axon guidance and branching in both dopaminergic 
neurons and sympathetic neurons; neurogenesis in dopaminergic neuron; and synapse 
maturation in primary hippocampal culture neurons (Blakely et al., 2011; Bodmer et al., 
2009; Castelo-Branco et al., 2006; Farias et al., 2009). These evidences prompt us to 
analyze the Wnt5a expression pattern in the CNS specifically in hippocampus. In the 
present study, we addressed the in vivo role of Wnt5a, in the hippocampus, using 
conditional mutant mice. Contrary to the prevailing view, based largely on in vitro 
studies, we show that Wnt5a is dispensable for the establishment of neuronal connectivity 
in the postnatal hippocampus in vivo. Furthermore, we provide evidence that Wnt5a 
controls the maintenance of dendrite arborization and spine densities necessary for 




Wnt5a is necessary for maintenance of dendrite arbors and spine densities in adult 
neurons 
 The intriguing spatio-temporal pattern of Wnt5a expression in the postnatal 
hippocampus, together with recent evidence supporting autocrine actions of Wnts in 
regulating morphological changes in cultured hippocampal neurons (Rosso et al., 2005; 
Wayman et al., 2006), prompted us to address the essential function(s) of Wnt5a in 
hippocampal neurons in vivo. Thus, we set out to delete Wnt5a in hippocampal neurons 
in mice by crossing floxed Wnt5a mice (Wnt5afl/fl) with two different transgenic mouse 
lines, Nestin-Cre (Tronche et al., 1999) and -Cre (T29-1 line) mice (Tsien et 
al., 1996a), respectively. The Nestin promoter drives Cre expression in all neuronal 
progenitors starting around day E10 (Tronche et al., 1999). Thus, in Nestin-Cre;Wnt5af/f 
animals (henceforth called Nestin-Wnt5afl/fl mice), Wnt5a would be expected to be 
globally deleted in all neurons starting at embryonic stages before the onset of Wnt5a 
expression in the hippocampus (Figure 3.1). In -Cre mice, Cre expression starts 
at 2.5 weeks after birth and is restricted exclusively to excitatory neurons in the forebrain 
(Tsien et al., 1996a). Thus, in CaMKIIa-Cre;Wnt5afl/fl mice (referred to as CaMKII-
Wnt5afl/fl mice), Wnt5a deletion would occur postnatally well after the onset of Wnt5a 
expression, and specifically in forebrain excitatory neurons including those in the 
hippocampus (Figure 3.1).  
 Nestin-Wnt5afl/fl mice were born in expected Mendelian ratios, were morphologically 
indistinguishable from their wild-type littermates, were fertile, and survived to adulthood 
up until the last examined age of one and half years. By in situ hybridization, Wnt5a 
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transcript was undetectable in the Nestin-Wnt5afl/fl hippocampus throughout postnatal 
ages including postnatal day 21 (P21) (Figure 3.2). Quantitative real-time PCR (qPCR) 
analysis showed that Wnt5a mRNA was substantially reduced by 70 ± 6% as early as one 
week after birth (Figure 3.3), and decreased by 83 ± 3.3% at 1.5 months of age in the 
Nestin-Wnt5afl/fl hippocampus (Figure 3.4). qPCR analysis also showed that levels of 
other Wnt transcripts were unaltered in the absence of Wnt5a at 1.5 months of age (Figure 
3.4), indicating that the loss of Wnt5a does not elicit compensatory changes in the 
expression of other Wnt genes in the hippocampus. In all these and later analyses, litter-
mate Wnt5afl/fl mice were used as controls. 
 We probed overall hippocampal cytoarchitecture and neuronal projections in the 
Nestin-Wnt5afl/fl mice using immunostaining with antibodies against NeuN, MAP2, and 
neurofilament to visualize neuronal nuclei, dendrites and axons, respectively. Despite the 
early and broad deletion of Wnt5a in Nestin-Wnt5afl/fl mice, these analyses revealed no 
obvious differences in gross morphology and projections of the hippocampal layers 
between mutants and control litter-mates at 1 month of age (Figures 3.5 A-C), when 
hippocampal neural circuit establishment should be complete (Pokorny and Yamamoto, 
1981a, b; Stanfield and Cowan, 1979). To probe neuronal morphology in greater detail, 
we then examined the dendritic morphology of CA1 hippocampal pyramidal neurons 
using Golgi impregnation and tracing of entire dendrite arbors of stained neurons under 
high magnification using Neurolucida software. We found no obvious differences in the 
reconstructed dendrite arbors between Nestin-Wnt5afl/fl and Wnt5afl/fl animals at 1 month 
of age (Figure 3.6 A). Quantitative analyses revealed no significant differences in 
dendrite length and complexity between mutant and control animals at this stage (Figures 
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3.6 A and C and D). Additionally, Sholl analyses revealed no differences in the apical or 
basal dendrite complexity between the genotypes (Figures 3.7 A-B). These findings were 
surprising given the reported functions of Wnt5a in regulating axon and dendrite 
morphogenesis in cultured hippocampal neurons (Bian et al., 2015; Varela-Nallar et al., 
2010a; Zhang et al., 2007). 
 In stark contrast to the normal appearance of dendrites in 1 month-old Nestin-
Wnt5afl/fl mice, we observed striking differences between mutant mice and controls at 6 
months (Figure 3.6 B). There was a marked decrease in dendrite length and complexity 
with impairments observed in both apical and basal dendrite arbors in 6 month old 
Nestin-Wnt5afl/fl compared to control mice (Figures 3.6 B, C and  E; Figures 3.7 C and 
D). Total dendritic length was reduced by 50% in mutant mice (Figure 3.6 C). Based on 
Sholl analyses, it appeared that distal dendrites at distances 50 m and further from the 
soma were more severely affected than proximal dendrites (Figure 3.6 E). Notably, in 
control mice, the total dendritic length remained remarkably stable between 1 and 6 
versus 
(Figure 3.6 C). Also, dendrite arbors, reported to reach their mature size by P21 
(Sfakianos et al., 2007), showed only a modest expansion with age specifically in the 
distal dendrites in control mice (compare Figures 3.6 D and 3.6 E). In contrast, Nestin-
Wnt5afl/fl mice exhibited a pronounced decrease in dendritic length between 1 and 6 
versus 
dendrite complexity (Figures 3.6 D and 3.6 E). We further quantified densities of 
dendritic spines, believed to be the sites of the majority of excitatory input in the 
hippocampus, in Golgi-stained neurons by tracing all the visible spines along the shafts of 
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several apical dendrites, and observed that the average spine density was comparable 
between Nestin-Wnt5afl/fl and wild-type animals at from p21 and 1 months. However start 
at 3 months to 6 months, mutant mice showed a significant reduction in spine densities 
(41% decrease in 6 months muatnt mice) compared to controls (Figures 3.8 A and B). 
Despite the profound dendritic shrinkage in adult Nestin-Wnt5afl/fl mice, we did not 
observe any overt cell loss in these animals even when examined up to 12 months of age 
(Figures 3.9 A and B). By 1 month of age, dendrite arbor elaboration has been largely 
completed in rodents and spine densities are at peak numbers in CA1 neurons (Pokorny 
and Yamamoto, 1981a). Together, these results imply that Wnt5a is dispensable for 
establishing dendritic arbors and for spine formation in CA1 pyramidal neurons. Rather, 
it is essential for maintaining dendrite morphology in adult neurons.  
 Like Nestin-Wnt5afl/fl mice, CaMKII-Wnt5afl/fl mice were born in expected Mendelian 
ratios, had no gross morphological abnormalities, were fertile, and viable. In situ 
hybridization and qPCR analyses showed that Wnt5a deletion was near complete in the 
hippocampus by 3 months of age (Figures 3.10 A and B). In 3 month-old CaMKII-
Wnt5afl/fl mice, we found no alterations in dendrite arbor complexities and spine densities 
compared to control Wnt5afl/fl litter-mates (Figures 3.11 A, C and Figures 3.12 A,B). 
However, by 6 months of age, we observed a profound loss of dendritic branches and 
spines (Figures 3.11 B, D and Figures 3.12 A,B), similar to the phenotypes observed in 6-
month Nestin-Wnt5afl/fl mice. These results strengthen the notion that Wnt5a is essential 
for maintaining dendrite arborization and spine densities in adult CA1 hippocampal 
pyramidal neurons.  
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 Previous data shown wnt5a signaling have dramatic impact in maintenance of  adult 
hippocampal dendritic structure. Wnts are identified as secrected morphogen during 
animal development. However, whether wnt5a acts through either autocrine or paracrine 
pathway to support adult hippocampal pyramidal neurons function and structure 
maintenance still not clear. To test this, 2 month old adult Wnt5af/f animals were 
stereotaxic injected with lentivirus carrying GFP or GFP-T2A-CRE. Mice were harvested 
for morphological analyses 90 days after virus injection (Fig 3.13 A).  To obtain neuronal 
morphology in greater detail, both GFP and GFP-T2A-CRE sparse labelled neurons were 
scanned through confocol microscope and GFP filled dendritic structures were traced and 
analyzed with Imaris software (Fig 3.13 B and C). Sholl analysis revealed that there was 
a marked decrease in dendrite complexity (Fig 3.13 D) in GFP-T2A-CRE labelled 
neurons compared to GFP labelled neurons. Total dendritic length was significantly 
reduced by 36 % in GFP-T2A-CRE labelled neurons (Figure 3.13 E). Interestingly, 
wnt5a deletion in the sparse GFP-T2A-CRE labelled neurons have already caused 
shrinkage  of neuronal morphology, while the surrounding neighbor neurons still have 
ability to secrete wnt5a. These results suggest that Wnt5a acts through autocrine 





                
 
 
Figure 3.1: The strategy to utilize Nestin-CRE and CaMKII-CRE mice lines to 
address the role of Wnt5a in hippocampus development or adulthood.  
Schematic illustration of the strategy for early- and late-onset deletion of Wnt5a using 
Nestin-Cre and CaMKII-Cre mice, respectively. Arrows indicate onset of Wnt5a 
expression in the hippocampus (P7) relative to reported onset of Nestin-Cre (E10) and 
CaMKII-Cre expression (P19), as well as when mice were sacrificed for Golgi staining 




                          
 
Figure 3.2: Wnt5a transcript is ablated in Nestin-Wnt5afl/fl hippocampus at postnatal 
day 21.  
Wnt5a transcript is undetectable in the Nestin-Wnt5afl/fl hippocampus compared to the 
control tissue at postnatal day 21 (P21). Scale bar: 500  
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Figure 3.3: Wnt5a transcript is ablated as early as 1 week old Nestin-Wnt5afl/fl mice. 
 qPCR analysis shows substantial depletion of Wnt5a transcripts in the postnatal Nestin-
Wnt5afl/fl hippocampus. Results are means ± SEM from n=7 mice per genotype for 1 and 




                     
Figure 3.4: Wnt5a ablation does not alter expressions of other Wnts in 
hippocampus. 
Wnt5a transcript levels are substantially decreased in 1.5-month old Nestin-Wnt5afl/fl 
mice as determined by qPCR analysis, whereas other hippocampal Wnts are unaltered. 
Results are mean ± SEM from 6 independent experiments. ***p<0.001, unpaired, two-
tailed t test. 
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Figure 3.5: Gross hippocampal morphologies in 1 month-old Nestin-Wnt5a mice. 
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 (A) Hippocampal cytoarchitecture is grossly normal in 1 month old Nestin-Wnt5afl/fl 
(B) Neurofilament 
immunohistochemistry shows that axonal projections are unaltered in Nestin-Wnt5afl/fl 
 (C) MAP2 staining shows that CA1 dendrite layers are 
comparable between Nestin-Wnt5afl/fl and control litter-mates at 1 month. Lower panels 






Figure 3.6: Total dendritic length and dendritic complexity are normal in 1 month 
old Nestin-Wnt5afl/fl mice but have deficit in 6 month old Nestin-Wnt5afl/fl mice. 
(A, B) Representative reconstructions of Golgi-stained CA1 pyramidal neurons from 
control and mutant mice at 1 and 6 months. Dendritic arbors are normal in 1 month old 
Nestin-Wnt5afl/fl mice, but significantly reduced at 6 months compared to controls. Scale 
 (C) Total dendritic lengths are unaltered in 1 month old Nestin-Wnt5afl/fl 
mice but significantly decreased by 6 months, compared to litter-mate Wnt5afl/fl controls. 
Results are mean ± SEM from 5 neurons traced per animal and a total of 4 mice per 
genotype. *p<0.05, unpaired two-tailed t test. (D, E) Sholl analyses show decreased 
dendrite branching complexity in CA1 pyramidal neurons in 6 month, but not 1 month-




Figure 3.7: Both apical and basal dendritic complexity are normal in 1 month old 
Nestin-Wnt5afl/fl mice but show deficit in 6 month old Nestin-Wnt5afl/fl mice 
(A-D) Sholl analyses show that apical and basal dendrite complexities of CA1 pyramidal 
neurons are unaltered in Nestin-Wnt5afl/fl mice at 1 month, but markedly reduced in 6 
month old mutants compared to controls 
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Figure 3.8: Spine densities are normal in the developmental stage of Nestin-Wnt5afl/fl 
mice but start to reduce in 3 and 6 month old Nestin-Wnt5afl/fl in hippocampal CA1 
pyramidal neurons. 
(A, B) Representative Golgi-stained segments of CA1 apical dendrites from Nestin-
Wnt5afl/fl mice and littermate controls at p21, 1, 3 and 6 months of age. Spine densities 
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are normal at p21 after birth but gradually reduced at from 3 months and 6 months old 
Nestin-Wnt5afl/fl mice compared to Wnt5afl/fl 
mean ± SEM from n=8 Nestin-Wnt5afl/fl mice and n=5 Wnt5afl/fl mice at p21; 5 mice per 
genotype at 1 month; 4 mice per genotype at 3 months; n=4 Nestin-Wnt5afl/fl mice and 




                          
                        
 
Figure 3.9: No cell loss in 12 month Nestin-Wnt5afl/fl mice. 
(A, B) Nissl staining and cell counts in CA1, CA3, and dentate gyrus layers reveal similar 




                    
                                            
 
Figure 3.10: Wnt5a transcript is ablated in 3 month old CaMKII-Wnt5afl/fl mice. 
(A) Wnt5a transcript is ablated by 3 months in CaMKII-Wnt5afl/fl mice as shown by in 
situ hybridization B) Wnt5a transcript levels are substantially 
decreased in 3 month old CaMKII-Wnt5afl/fl mice as determined by qPCR analysis. 
Results are means ± SEM from n=4 mice per genotype for 1 and 2 months, and n=5 mice 





Figure 3.11: Dendritic complexity are normal in 3 month old CaMKII-Wnt5afl/fl mice 
but have deficit in 6 month old CaMKII-Wnt5afl/fl mice. 
(A, B) Dendritic arbors are normal in 3-month old CaMKII-Wnt5afl/fl mice but reduced in 
C, D) Sholl analyses show pronounced 
shrinkage of dendrite arbors of CA1 pyramidal neurons at 6 but not 3 months of age in 
CaMKII-Wnt5afl/fl mice, compared to litter-mate controls. 
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Figure 3.12: Spine densities are normal in early stage of  CaMKII-Wnt5afl/fl mice but 
have deficit in 6 month old CaMKII-Wnt5afl/fl in hippocampal CA1 pyramidal 
neurons. 
(A, B) Spine densities are significantly reduced by 6 months, but normal at 3 months in 
CaMKII-Wnt5afl/fl  3 mice per 
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genotype at p21;  n=8 for CaMKII-Wnt5afl/fl mice and n=5 for Wnt5afl/fl mice at 1 month; 
5 mice per genotype at 3 months, and n=7 for CaMKII-Wnt5afl/fl mice and n=5 for 






Figure 3.13: Wnt5a autocrine signaling is essential for dendritic structure 
maintenance in the adult mice. 
(A) Schematic illustration of the strategy for lentivirus deletion in adult Wnt5afl/fl mice. 
Mice infect with either GFP or GFP-T2A-CRE lentivirus at 2 month and analyze 
pyramidal dendritic structure at 5 month. Arrows indicate time point of lentivirus deliver 
and mice were sacrificed for Imaris dendritic structure tracing at P150. (B) Images with 
GFP filled sparse labelled wild type neuron (left), and sparse labelled wnt5a deleted 
neuron (right). (C) Imaris 3 dimension  neuronal tracing shown in (B). (D) Sholl analyses 
show pronounced shrinkage of dendrite arbors of CA1 pyramidal neurons at GFP-T2A-
CRE infected Wnt5afl/fl neuron, compared to GFP infected Wnt5afl/fl neuron. (E)  Total 
dendritic lengths are significantly decreased in  GFP-T2A-CRE infected Wnt5afl/fl neuron, 
compared to GFP infected Wnt5afl/fl neuron as control. Results are mean ± SEM from 10 
GFP infected Wnt5afl/fl neurons and 14 GFP-T2A-CRE infected Wnt5afl/fl neurons. 




 In order to dissect out Wnt5a functions in the central nervous system, we crossed 
Wnt5afl/fl mice with two different Cre lines. Nestin-Cre mice would allow us to delete 
Wnt5a in embryonic day 10 which is much earlier than Wnt5a expression in the brain.  
With Nestin-Wnt5afl/fl mice, we can specific address Wnt5a function in hippocampal 
neurons during animal early development. Cre reconbinase is expressed in postnatal day 
19 in CaMKII-Wnt5afl/fl mice which Wnt5a be deleted in early adulthood. Analysing 
CaMKII-Wnt5afl/fl mice would help us to understand more of Wnt5a functions in 
hippocampal pyramidal neurons specifically in the adulthood. 
 We found that the early deletion of Wnt5a in neurons did not elicit any structural 
abnormalities in spine density and dendritic complexity in CA1 pyramidal neurons in 1 
month old Nestin-Wnt5afl/fl mice. These results suggest that neuronal Wnt5a is 
dispensable for the establishment or maturation of hippocampal connectivity in vivo. 
These findings were surprising in the context of reported developmental functions for 
Wnt5a in cultured hippocampal neurons, and in embryonic processes in other brain 
regions (Bian et al., 2015; Varela-Nallar et al., 2010a; Zhang et al., 2007). In 
hippocampal neurons, several signaling pathways have been shown to influence dendrite 
morphogenesis, maturation and stability in vitro and in vivo (Emoto, 2012; Koleske, 
2013; Valnegri et al., 2015). Thus, in the absence of Wnt5a, other signaling mechanisms 
including other Wnt molecules (Rosso et al., 2005; Wayman et al., 2006), could provide 
trophic support to hippocampal CA1 dendrite arbors and spines formation for the first 
months of life in mice. Alternatively, Wnt5a derived from other cell population may also 
support hippocampal formation in the absence of neuron-derived Wnt5a. However, the 
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profound defects in hippocampal dendritic complexity and spine density in older Nestin-
Wnt5afl/fl and CaMKII-Wnt5afl/fl mice suggest that these mechanisms are unable to 
compensate for Wnt5a loss at later stages of life. Rather, our results suggest that Wnt5a, 
likely derived from CA1 pyramidal neurons themselves, is necessary for sustaining 
dendritic architecture in the adult hippocampus. Based on these findings,  we conclude 
that Wnt5a is essential for the maintenance of adult CA1 hippocampal neurons and is 






All procedures relating to animal care and treatment conformed to institutional and NIH 
guidelines. Animals were housed in a standard 12:12 light-dark cycle. The generation of 
Wnt5afl/fl mice has been previously described (Ryu et al., 2013). Wnt5afl/fl mice were 
backcrossed to C57BL/6 background for at least 7 generations and maintained on a 
C57BL/6 background. Nestin-Cre and TOPGAL mice were obtained from Jackson 
Laboratory and CaMKII-Cre mice (T29-1 line) were a generous gift from Dr. Nicholas 
Gaiano. Sprague Dawley rats were purchased from Charles River. Hippocampal neuron 
cultures were established from embryonic day 18 (E18) rat pups as previously described 
(Araki et al., 2015) 
 
In situ hybridization 
In situ hybridization was performed using a digoxigenin labeled probe spanning a 572 bp 
region within Wnt5a exon 2. Mouse brains of various ages were fresh frozen in OCT 
(Tissue-Tek) and serially sectioned (20m) using a cryostat. Sections were post-fixed in 
4% paraformaldehyde (PFA), washed in PBS and acetylated with 0.25% acetic anhydride 
in 0.1 M triethanolamine with 0.9% NaCl. After hybridization with the labeled RNA 
blocked with TBS containing 1% normal goat serum and then incubated with alkaline 
phosphatase-labeled anti-DIG antibody (1:5000; Roche) overnight at 4°C. The alkaline 
phosphatase reaction was visualized with NBT/BCIP, rinsed in PBS, fixed in 4% PFA 
and mounted in AquaMount (EMD Chemicals). 
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KCl-mediated depolarization or bicuculline treatment of cultured hippocampal 
neurons 
Hippocampal neurons were harvested from E18 Sprague-Dawley rats and grown in poly-
L-lysine coated 12 well plates. Cells were maintained in plates with Neurobasal media 
supplemented with B27, penicillin/streptomycin (1U/ml), and GlutaMax. Cultured 
hippocampal neurons were treated with TTX (1M/ml) for 48 hr on d.i.v 18 to silence 
neuronal activity, then TTX was washed away using several washes with Neurobasal 
culture media, and neurons were then stimulated with either KCl (20mM) or Bicuculline 
(40M/ml) for different times. 
 
Electro-convulsive shock (ECS) 
Electro-convulsive shock was administered in 8 week-old male C57BL/6 mice as 
previously described (Ramanan et al., 2005). Following attachment of saline-soaked ear 
clips to the mice, 15mA electric pulses (100 Hz, 0.4 ms/ pulse) were delivered through 
mouse brains for 1 sec using the Ugo Basile ECT unit, Model 57800. Hippocampal 
tissues were harvested at 1 hr or 4 hr after ECS treatment, and subjected to qPCR or 
immunoblotting analyses for Wnt5a and Arc. Total protein concentrations were estimated 
using the BCA assay.  
 
Real time-PCR analyses  
Total RNA was prepared from dissected hippocampal tissues using Trizol-chloroform 
extraction (ThermoFisher; 10296-010). RNA was then reverse transcribed using a 
RETROscript Reverse Transcription kit (ThermoFisher; AM1710). Real-time qPCR was 
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performed using a Maxima SYBR Green/Rox Q-PCR Master Mix (ThermoFisher; 
K0221), in 7300 Real time PCR System (Applied Biosystems). The following primers 
were used for the analyses; Arc-F: 5’-TGAGACCAATTCCACTGATG-3’ and Arc-R: 5’-
CTCCAGGGTCTCCCTAGTCC-3’; Wnt5a-F:5’-CTCGGGTGGCGACTTCCTCTCCG-
3’ and Wnt5a-R:5’-CTATAACAACCTGGGCGAAGGAG-3’; Wnt2-F:5’-GTAGATGC 
CAAGGAGAGGAAAG-3’ and Wnt2-R:5’-CCACTCACACCATGACACTT-3’; Wnt3-
F:5’-TGGACCACATGCACCTAAAG-3’ and Wnt3-R:5’-CGTACTTGTCCTTGAGGA 
AGTC-3’; Wnt3a-F:5’-GCAGCTGTGAAGTGAAGAC-3’ and Wnt3a-R:5’-GGTGTT 
TCTCTACCACCATCTC-3’; Wnt5b-F:5’-GAGAGCGTGAGAAGAACTTTG-3’ and 
Wnt5b-R: 5’-GCGACATCAGCCATCTTATAC-3’; Wnt7a-F: 5’-GCCTTCACCTAT 
GCGATTATC-3’ and Wnt7a-R: 5’- GGTACTGGCCTTGCTTCTC-3’; Wnt7b-F: 5’-
GCATGAAGCTGGAATGTAAGTG-3’ and Wnt7b-R: 5’-TGCGTTGTACTTCTCCTT 
GAG-3’; Wnt8a-F: 5’-TGGGAACGGTGGAATTGTC-3’ and Wnt8a-R: 5’-GCGGA 
TGGCATGAATGAAG-3’; Wnt11-F: 5’-CCTGGAAACGAAGTGTAAATGC-3’ and 
Wnt11-R: 5’-TGACAGGTAGCGGGTCTTG-3’; GluN1-F: 5’-CCAGATGTCCACCA 
GACTAAAG-3’ and GluN1-R: 5’-CATTGACTGTGAACTCCTCTTTG-3’; GluN2a-F: 
5’-CTGTGTGGCCAAGGTATAAG-3’ and GluN2a-R: 5’-TCAGTCAGTGGGTC 
TATGTC-3’; GluN2b-F: 5’-ATGAGGAACCAGGCTACATC-3’ and GluN2b-R: 5’-
GGTCACCAGGTAAAGGTCATAG-3’; Axin2-F: 5’-GAGAGTGAGCGGCAG AGC-3’ 
and Axin2-R: 5’-CGGCTGACTCGTTCTCCTG-3’; GAPDH-F: 5’-CCTGCACCACC 
AACTGCTTA-3’ and GAPDH-R: 5’-CCACGATGCCAAAGTTGTCA-3’. Each sample 
was analyzed in triplicate reactions. Data were analysed using the ΔΔCt method, 
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normalizing each sample to the internal control, and relative messenger RNA was 
determined as the percentage of the maximum value observed in the experiment.  
 
Immunohistochemical analyses  
Mouse brains were fixed in 4% paraformaldehyde (PFA) at 4°C overnight, cryoprotected 
in 30% sucrose in PBS, frozen in OCT (Tissue-Tek) with dry ice and serially sectioned 
mistry with diaminobenzidine (DAB), sections were first 
incubated with 10% methanol +3% H2O2 for 20 min to quench peroxidase activity and 
then washed in TBS, permeabilized in TBS containing 0.4% Triton X-100, and blocked 
using 10% goat serum + 3% BSA for 2 hrs. Sections were incubated in the following 
primary antibodies overnight: chicken anti-neurofilament (EMD Millipore; AB5539, 
1:500) or mouse anti-MAP2 (Sigma Aldrich; M9942, 1:1500). Following TBS washes, 
sections were incubated with either chicken or mouse anti-HRP secondary antibodies 
(GE Healthcare, 1:500) for 1 hr. Sections were then washed in TBS, incubated with 
diaminobenzidine (DAB) for 2-10 min at room temperature, followed by washes in TBS 
and then mounted in VectaShield (Vector Laboratories). 
 For immunofluorescence, sections were washed in TBS, permeabilized in TBS 
containing 0.4% Triton X-100, and blocked using 10% goat serum + 3% BSA for 2 hrs. 
Sections were then incubated in primary antibodies overnight. Following TBS washes, 
sections were incubated with Alexa-Fluor conjugated secondary antibodies 
(ThermoFisher, 1:500) for 1 hr. Sections were washed in TBS and then mounted in 
VectaShield (Vector Laboratories). 
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Golgi staining  
Golgi staining was performed with FD Rapid Golgistain kit on mouse brains that were 
fresh frozen in OCT and serially sectioned (200m) using a cryostat. Dendritic arbors 
were analyzed as described previously (Xie et al., 2010). Briefly, Golgi-impregnated 
pyramidal neurons in the CA1 region were traced using Neurolucida software 
(MicroBrightField) under a Nikon Eclipse E800 microscope, equipped with a motorized 
stage. Analyses were done by an investigator blinded to the genotype. All of the analyzed 
neurons were well stained, isolated and had intact dendritic arbors. Dendritic length of 
each traced neuron was calculated using NeuroExplorer software (MicroBrightField). 5 
neurons were traced per animal, and the average used as the value for each mouse during 
statistical analyses.  
 To measure spine density, we took images of distal apical dendrites  (>100 μm away 
from the soma) of hippocampal CA1 pramidal neurons at 63x magnification using a Zeiss 
Axiovision microscope with a AxioCam HRC digital camera. The position of each 
dendritic spine along these dendrite segments was assessed manually and counted using 
ImageJ software. Spine density for each animal was obtained from at least 15 dendrites 
per mouse with a total length of 2000~3000 μm traced for statistical analys 
 
Statistical analyses 
All Student’s t tests were performed using two-tailed, unpaired, and a confidence interval 
of 95%. One-way or two-way ANOVA analyses were performed when more than two 
groups were compared. Statistical analyses were based on at least 3 independent 
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experiments, and described in the figure legends. All error bars represent the standard 
error of the mean (s.e.m).   
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Chapter 4: Wnt5a functions in synaptic plasticity and spatial learning 











































The human brain is comprised of billions of neurons that form complex circuitry and 
enable us to interact with the outer environment, experience with new thing and storage 
memory. Synapses are connections between neurons and are thus critical for information 
propagation throughout the brain network. With the flexibility of neurons to respond to 
the changing environment, we are able to learn novel things and form memory. Even 
before birth, synaptic plasticity has played important roles during early development. In 
the visual system, the neuronal circuitry is further shaped in response to sensory 
information from light after eye opening. The synaptic connectivity and strength are 
constantly modified based on the environmental stimulation throughout our lifetime 
(Clarke et al., 2012; Feldmeyer and Radnikow, 2009; Kerchner and Nicoll, 2008; Sanes 
and Kotak, 2011). From the infant to teenage stages, our brains need to learn and process 
enormous new information, for example family interaction, language communication, 
learning skill for living, and absorbing culture for life in a short period of time. These 
stages require high levels of synaptic plasticity to accomplish novel tasks. In the adult 
stage although most experiences have learned, processed and memorized from the 
previous stages and the need for synaptic plasticity becomes relative less, the plasticity is 
still required for new stimulations to continuous modification and adaptation in this stage 
(Feldmeyer and Radnikow, 2009). 
Spines are located on the surface of dendrite and each spine may contain zero to a 
few biochemical and electrical synapses to propagate information and modify synaptic 
plasticity. There are many factors that can regulate post-synaptic responses during the 
changes in synaptic plasticity. Within the spines, complex molecular machinery 
 60 
cooperatively regulates the strength of synaptic transmission and the structure of 
synapses between neurons. Glutamate receptors on the post-synaptic membrane convert 
chemical signals into electrical signals and thus are one of the key players in controlling 
synaptic transmission and plasticity (Anggono and Huganir, 2012; Bassani et al., 2013) . 
Changes in the number and conductance of glutamate receptors on the synapse membrane 
can either potentiate or depress synaptic strength (Malinow and Malenka, 2002). 
Additionally, signaling cascades following glutamate receptor activation at the post-
synapses can further modulate synaptic transmission and plasticity. In response to 
synaptic activation, many kinases and phosphatases work as critical hinges to mediate 
signaling that can impact not only the synaptic function but also gene transcription. 
Synaptic plasticity, long-term potentiation (LTP) and long-term depression (LTD) of 
synaptic strength are often expressed post-synaptically by the insertion or removal of the 
glutamate receptor-AMPA receptors (AMPAR)(Bassani et al., 2013; Malinow and 
Malenka, 2002; Shepherd and Huganir, 2007).  Excitatory synapses contain AMPAR to 
transmit fast synaptic signals and NMDA-type receptors (NMDAR) to trigger long-term 
changes in synaptic transmission in LTP and LTD (Malinow and Malenka, 2002).  
During the past decades, many studies on LTP have focused on the signaling mediated by 
CaMKII  (Lisman et al., 2012) and molecular mechanism underlying AMPAR trafficking 
regulation (Anggono and Huganir, 2012; Kessels and Malinow, 2009; Nicoll and Roche, 
2013).  Many evidence have shown that CaMKII activation triggered by calcium entry 
through the NMDAR is both necessary and sufficient for LTP activation. Interestingly, 
elevated calcium in the spine induces not only CaMKII activity-dependent translation but 
also translocation of itself into post-synaptic density (PSD) region, which promotes 
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CaMKII to interact with the synaptic GluN2B (subunit of the NMDAR). GluN2B 
therefore functions ideally as a CaMKII sequester to remain CaMKII stay active with 
local calcium elevation at synapses. The active CaMKII is able to phosphorylate other 
molecules locally in the PSD region. After the initial activation by calcium, CaMKII is 
thought to auto-phosphorylated and transformed itself into a calcium-independent stage, 
which allows it to serve as a constitutively active enzyme and function as a ‘‘memory 
molecule’’ (Lee et al., 2009; Lisman et al., 2012). However, recent two-photon lifetime 
imaging has shown that the CaMKII activation is only transient and its activity returns to 
baseline within a few minutes during the activation of LTP (Lee et al., 2009).  This 
evidence indicates that other CaMKII downstream molecules might relay signaling for 
the persistence of LTP. One of the major substrates downstream of CaMKII is the GluA1 
subunit of the AMPAR (Barria et al., 1997; Mammen et al., 1997). CaMKII 
phosphorylation of GluA1 allows GluA1-containing AMPAR to traffic into synapses and 
increase the channel conductance (Lu and Roche, 2012; Shepherd and Huganir, 2007)for 
pS579 ).  In addition, CaMKII also phosphorylates many other proteins located in the 
PSD region, such as PSD-95, SynGAP, and the GluN2B subunit of the NMDAR 
(Dosemeci and Jaffe, 2010; Yoshimura et al., 2002). Recent study also showed the 
CaMKII-triggered, local persistent activation of Ras and Rho GTPases (RhoA and 
Cdc42), which are well established small GTPases important for both spine morphologies 
and synaptic plasticity (Murakoshi et al., 2011).  
 
AMPAR Phosphorylation and Synaptic Plasticity 
As early as late 1980s, CaMKII protein kinase activity has been shown to be 
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sufficient and required for the induction of LTP, suggesting that protein phosphorylation 
and dephosphorylation might be critical for LTP, LTD and other forms of synaptic 
plasticity (Malenka et al., 1989; Malinow et al., 1989; Wyllie and Nicoll, 1994). AMPAR 
consist of four homologous subunits (GluA1-4) that form heteromeric and tetrameric 
complexes (Traynelis et al., 2010). The major forms of AMPAR in the hippocampus 
include GluA1/2 and GluA2/3 heteromers and GluA1 homomers (Lu et al., 2009; 
Wenthold et al., 1996).  Now it has been reported that several protein kinases including 
CaMKII, PKA, PKC, PKG, FYN, and JNK can phosphorylate GluA1-4 subunits on 
serine, threonine, and tyrosine residues at c-terminal tails (Lu and Roche, 2012; Shepherd 
and Huganir, 2007). Recent evidence showed that the CaMKII, PKA, and PKC sites on 
GluA1 tail and the major PKC site on GluA2 tail have major impacts on LTP by 
regulating AMPARs trafficking and conductance.  Phosphorylation of GluA1 by CaMKII 
is known to regulate AMPAR channel conductance and trafficking (Lee, 2006; Lu and 
Roche, 2012; Shepherd and Huganir, 2007). The strongest evidence comes from 
experiments using knockin mice with the GluA1, CaMKII and PKA phosphorylation 
sites mutations to studty the role of GluA1 phosphorylation in LTP and LTD.  GluA1 
phospho-mutant mice show deficits in LTP and LTD and have memory defects in spatial 
learning tasks. These evidence indicate that phosphorylation of GluR1 is critical for 
synaptic plasticity and the retention of memories (Lee et al., 2003). Interestingly, knockin 
mice with mutations that mimic the CaMKII and PKA phosphorylation sites on GluA1 
showed a lower threshold for LTP induction. Finally, a study using a knockin mouse with 
the PKC phosphorylation mutant on serine 880 of the GluA2 subunit is eliminated 
cerebellar LTD in Purkinje neurons (Linden, 2012). 
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Wnts have been linked to the assembly of structural components in both of  pre-
synaptic and post-synaptic compartments. In the cerebellum granular cells (GC), Wnt7a 
functions as a synaptogenic factor that can induce pre-synaptic differentiation in the 
mossy fiber (Hall et al., 2000). Wnt7a also induces clustering of synapsin I, 
synaptophysin, synaptotagmin and SV-2 which are important for recycling and 
controlling exocytosis of synaptic vesicles and in turn regulating synaptic transmission 
(Ahmad-Annuar et al., 2006; Cerpa et al., 2008; Hall et al., 2000).  Moreover,  Wnt7a 
mutant mice shown deficient in synaptic maturation (Ahmad-Annuar et al., 2006).  
Besides, Wnt3a and Wnt7b, the other cannonical wnt member, also increase the number 
of pre-synaptic puncta  (Cerpa et al., 2008; Davis et al., 2008). Altogether these 
evidences suggest that canonical Wnt pathway are mostly involved in the pre-synaptic 
structure assembly and facilitate the nerunoal transmitter release from pre-synaptic 
terminal.  
For the non-canonical Wnt funcion, bath application of Wnt5a in primary cultured 
hippocampal neurons has been shown to up-regulates excitatory synaptic currents 
through NMDAR activation, and therefore facilitating the induction of LTP (Cerpa et al., 
2011). In addition, Wnt5a is reported to promote dendritic spine formation and increase 
spine size as well as spine density in cultured hippocampal neurons. Interestingly, Wnt5a 
also induces local calcium concentration in the synaptic puncta of cultured hippocampal 
neurons, suggesting that Wnt5a may have the ability to activate downstream Wnt/Ca2+ 
signaling cascade by phosphorylation of CaMKII (Farias et al., 2009; Varela-Nallar et al., 
2010a). Together, these in vitro results showed a requirement of non-canonical Wnt5a 
signaling in synaptic transmission and morphology.  
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Interestingly, in vivo activation of Wnt signalings in adult mice by infusion adult 
mice with either WASP-1, an activator of Wnt/-catenin pathway or FOXY-5, an 
activator of both Wnt/JNK and Wnt/Ca2+ signaling, enhances their learning and memory 
performance in the MWM spatial learning and memory test as well as the novel object 
recognition task (Beaumont et al., 2007; Safholm et al., 2008; Vargas et al., 2014). These 
findings indicate that both canonical and non-canonical Wnt signaling pathways can 
enhances animal cognitive behaviors. With newly generated conditional Wnt5a mice, we 
aim to address the physiology roles of Wnt5a in the synaptic plasticity and behaviors in 




Wnt5a is essential for hippocampal synaptic plasticity  
 Hippocampal neurons exhibit prominent synaptic plasticity in which activity-
dependent modulation of the strength of synaptic connections underlies learning and 
memory (Neves et al., 2008). Given the decreased levels of phosphorylation of CaMKII 
as well as the down-regulation of GluN1 in hippocampal neurons with Wnt5a deletion, 
we addressed the in vivo requirement for Wnt5a in hippocampal synaptic transmission 
and plasticity. We analyzed CaMKII-Wnt5afl/fl mice at 3 months of age a time when CA1 
neuronal morphology is still intact (see Figures 3.11 A, C and Figures 3.12 A, B). We 
evaluated basal synaptic transmission by recording field excitatory postsynaptic 
potentials (fEPSPs) in CA1 neurons evoked by stimulation of Schaffer collaterals in acute 
hippocampal slices. Input-output relationships, generated by plotting the slope of the 
fEPSPs versus the amplitude of the presynaptic fiber volley at various stimulation 
intensities, were essentially identical between 3-month CaMKII-Wnt5afl/fl and control 
mice (Figures 4.1 A, B), indicating that basal synaptic strength is not altered with Wnt5a 
loss at this age. By 6 months of age when CaMKII-Wnt5afl/fl mice have profound 
dendritic abnormalities, however, basal synaptic transmission was impaired as the slope 
of input-output curve was significantly decreased in mutants compared to control mice 
(Figures 4.1 C, D). Paired pulse facilitation (PPF) analyses, indicative of the probability 
of synaptic release at presynaptic sites, showed comparable PPF ratios between CaMKII-
Wnt5afl/fl mice and their control littermates at both 3 and 6 months of age (Figures 4.2 A, 
B), suggesting that presynaptic neurotransmitter release is not altered with Wnt5a loss 
even at 6 months. 
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 To assess the role of Wnt5a in NMDA receptor-dependent long-term potentiation 
(LTP), an electrophysiological correlate of strengthening of synaptic transmission, we 
used theta burst stimulation (TBS) to induce LTP at Schaffer collateral-CA1 synapses in 
3 month-old mice. Recordings from Wnt5afl/fl control slices revealed a robust induction of 
LTP and a sustained maintenance phase (Figure 4.3). In contrast, CaMKII-Wnt5afl/fl slices 
showed a significant reduction in both induction and maintenance phases of LTP (Figures 
4.3 A-C). Synaptic potentiation assessed by fEPSP slopes measured right after theta burst 
stimulation (4-14 min) was signficantly impaired in CaMKII-Wnt5afl/fl mice, (274.3 ± 
18.2 % in control slices vs. 201 ± 7.9 % in CaMKII-Wnt5afl/fl slices, n=11 control and 13 
mutant slices, 5 mice per genotype, p=0.0002, t-test), demonstrating an early requirement 
for Wnt5a in LTP induction. This effect of Wnt5a deletion was sustained as the responses 
remained attenuated 1 hr after theta burst stimulation in CaMKII-Wnt5afl/fl slices (190.8 ± 
13.3% and 151.9 ± 5.4% in control and mutant slices respectively, p=0.01, t-test). To 
address if Wnt5a contributes to NMDA receptor-dependent long-term depression (LTD), 
an electrophysiological correlate of weakening of synaptic transmission, we used a 
standard low frequency stimulation (LFS) paradigm to induce LTD in the CA1 
hippocampus. In contrast to the LTP defect, we found no differences in LTD between 
mutant and control mice at 3 months of age (68.7 ± 2.9% and 68.2 ± 3% for control and 
CaMKII-Wnt5afl/fl slices respectively; n= 14 and 16 slices for control and mutant slices 
respectively, 5 mice per genotype) (Figures 4.4 A, B).  
 Together, these results indicate an essential role for Wnt5a in the potentiation of 
synaptic efficacy. Notably, the  impairment in LTP is detected at 3 months in CaMKII-
Wnt5afl/fl mice when neuronal structure and basal synaptic transmission are still intact.  
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CaMKII-Wnt5afl/fl mice exhibit impairments in recognition function and 
hippocampal dependent learning and memory     
 Synaptic plasticity is widely considered to be a cellular mechanism that underlies 
learning and memory (Chen and Tonegawa, 1997; Whitlock et al., 2006). In addition, 
structural maintenance of synaptic connectivity has been postulated to be critical for life-
long memories (Yang et al., 2009). Given the decreased CA1 LTP in 3 month old 
CaMKII-Wnt5afl/fl mice as well as structural abnormalities that are manifested in older 
CaMKII-Wnt5afl/fl mice at 6 months, we subjected Wnt5a mutant mice to behavioral 
paradigms to evaluate cognitive functions. To test recognition memory, we performed the 
novel object recognition test which evaluates the preference of mice for exploring a new 
over a familiar object (Bevins and Besheer, 2006). Adult Wnt5afl/fl and CaMKII-Wnt5afl/fl 
mice were allowed to freely explore a pair of identical objects and 24 hr later, were 
presented with the familiar object and a new object. Control mice showed a significant 
preference for the novel object over the familiar object, with the 3- and 6-month old mice 
spending 70.8 ± 5.5% and 68.1 ± 8.1% of time respectively exploring the new object. 
However, the CaMKII-Wnt5afl/fl mice showed no preference for the novel object over the 
familiar object at both 3 and 6 months of age, spending 51.4 ± 6.2% and 44.1 ± 7.4% of 
time, respectively, with the new object (Figures 4.5 A, B).  
 To test hippocampus-dependent spatial learning in these mice, we employed the 
Morris Water Maze (MWM) test, a classical behavioral task in which an animal’s ability 
to remember spatial cues are used to locate a hidden platform in a tank of water (Vorhees 
and Williams, 2006) (Figure 4.7 A). First, we established that CaMKII-Wnt5afl/fl mice at 
both 3 and 6 months of age had visual acuity and swimming speeds comparable to litter-
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mate controls (Figures 4.6 A, B). To evaluate their basic spatial learning ability, we first 
recorded the latency for each individual mouse to find the hidden platform for 12 
consecutive days using 4 trials per day (see schematic in Figure 4.7 B). On day 13, to 
evaluate reference memory at the end of the learning, we conducted a probe trial in which 
mice were exposed to the same water maze but the platform was removed to determine if 
the mice exhibited a spatial bias toward the original target quadrant. Next, from days 14 
to 25, we performed a reversal training by relocating the hidden platform to a new 
location (the quadrant opposite to the initial target quadrant), followed by probe trials 
from days 26 to 32 to assess memory retention (Figures 4.7 A, B).  
 During the naïve MWM training, 3 month old CaMKII-Wnt5afl/fl mice took 
significantly longer time to locate the platform during the initial training period compared 
to age-matched controls, but eventually achieved similar latencies as control mice on the 
6th day of training (Figure 4.7 C). 6 month old CaMKII-Wnt5afl/fl mice also required 
significantly more time to find the platform compared to control mice, but did not reach 
the latency of control animals even when tested on the 12th day of the acquisition phase 
(Figure 4.7 D). During the probe trial on day 13 when the platform was removed, both 3- 
and 6-month old mutant mice spent significantly less time in the target quadrant (Figures 
4.8 A, B), and made fewer crossings over the prior location of the submerged platform 
compared to control mice (Figures 4.8 C, D). During reversal learning from days 14 to 25 
when the platform was relocated to the opposite quadrant, 3 month old mutant mice 
required more days of training to aquire a direct path to the new platform location 
compared to control mice, although they did achieve similar latencies as controls after 3 
days of training (Figure 4.9 A). In contrast, 6 month old mutant mice required 
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significantly longer time to find the platform throughout the trials and did not catch up to 
their control litter-mates even by day 25 (Figure 4.9 B). In the following probe trial 
conducted from days 26 to 32 when the platform was removed, 3 month old mutant mice 
spent significantly less time in the target quadrant compared to controls, suggesting 
weaker spatial memory, although both mutant and control mice exhibited a distinct 
preference for the target quadrant compared to randomly spending 25% of time per 
quadrant throughout the 7 day test period (Figure 4.10 A). 6 month mutant mice also 
spent significantly less time in the target quadrant compared to controls, and markedly 
exhibited a decay in memory retrieval (Figure 4.10 B). While control animals exhibited a 
significant preference for the target quadrant even up to one week, this preference was 
lost in the mutants by the 5th day of the probe trial (Figure 4.10 B).  
 Together, these findings provide evidence for an essential role for Wnt5a in the 
acquisition of spatial learning and memory storage in adult animals. Notably, the 
cognitive dysfunction in 3 month old CaMKII-Wnt5afl/fl mice were consistent with the 
LTP defects observed at this age. The more pronounced behavioral defects in older 6 
month old CaMKII-Wnt5afl/fl mice, which coincide with the manifestation of dendritic 






Figure 4.1: Basal synaptic transmission is normal in 3 month CaMKII-Wnt5afl/fl mice 
but decreased in 6 month adult CaMKII-Wnt5afl/fl mice. 
 (A) Basal synaptic transmission is unaffected in CaMKII-Wnt5afl/fl mice at 3 months. 
There are no differences in the input-output relationship between control and mutant mice 
at 3 months of age. (B) The slope of the input-output curve is not altered in 3 month old 
CaMKII-Wnt5afl/fl mice. n=18 and 17 slices from 5 animals per genotype. Scale bars: 1 
mV (vertical), 2.5 ms (horizontal) for both sample traces. (C) Basal synaptic transmission 
is impaired in 6 month old CaMKII-Wnt5afl/fl mice. (D) The slope of the input-output 
curve shows a decrease in 6 month old CaMKII-Wnt5afl/fl mice compared to control mice. 
Results are mean ± SEM from 5 Wnt5afl/fl (n=21 slices) and 4 CaMKII-Wnt5afl/fl mice 
(n=23 slices), **p<0.01, unpaired, two-tailed t test. Scale bars: 1 mV (vertical), 2.5 ms 





Figure 4.2. Pre-synaptic properties are unaltered in CaMKII-Wnt5afl/fl mice. 
(A, B) Pre-synaptic vesicle release probablity are normal in 3 and 6 month old CaMKII-
Wnt5afl/fl mice as measured by paired-pulse ratios with different inter-stimulus intervals 
(ms). Results are means ± SEM from 4 animals per genotype for 3 month old animals 
(n=17 slices for Wnt5afl/fl and n=15 slices from CaMKII-Wnt5afl/fl mice). For 6 month old 
animals, 4 Wnt5afl/fl mice (n=24 slices) and 3 CaMKII-Wnt5afl/fl mice (n=22 slices) were 
used. Scale bars for sample traces in insets; 1 mV (vertical), 10 ms (horizontal). 






Figure 4.3: 3 month old CaMKII-Wnt5afl/fl mice have Long-term potentiation (LTP) 
deficit. 
(A) Impaired LTP at the Schaffer collateral-CA1 synapses in 3 month old CaMKII-
Wnt5afl/fl mice. n=11 slices from 5 Wnt5afl/fl mice and n=13 slices from 6 CaMKII-
Wnt5afl/fl  mice. Sample traces represent fEPSPs right before (dashed line) and 1 hour 
after (solid line) theta burst stimulation. Scale bars: 1 mV (vertical), 10 ms (horizontal) 
for both sample traces. (B) LTP induction is reduced in 3 month old CaMKII-Wnt5afl/fl 
mice. Results are mean ± SEM from 5 Wnt5afl/fl mice (n=11 slices) and 6 CaMKII-
Wnt5afl/fl mice (n=13 slices). ***p<0.001, unpaired, two-tailed t test. (C) LTP 
maintenance is attenuated in 3 month old CaMKII-Wnt5afl/fl mice. Results are mean ± 
SEM from 5 Wnt5afl/fl mice (n=11 slices) and 6 CaMKII-Wnt5afl/fl mice (n=13 slices) 





Figure 4.4: 3 month old CaMKII-Wnt5afl/fl mice show comparable Long-term 
depression (LTD).   
(A) Low frequency stimulation-induced LTD at Schaffer collateral-CA1 synapses is 
unaltered in 3 month CaMKII-Wnt5afl/fl mice. Sample traces represent fEPSPs right after 
(dashed line) and 1hr after (solid line) stimulation. Scale bars: 1 mV (vertical), 10 ms 
(horizontal) for both sample traces. (B) Mean fEPSP slopes are comparable between the 
genotypes. Results are mean ± SEM from 5 Wnt5afl/fl mice (n=14 slices) and 5 CaMKII-
Wnt5afl/fl mice (n=16 slices). 
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Figure 4.5: Both 3 month and 6 month CaMKII-Wnt5afl/fl mice mice show deficits in 
novel object recognition task. 
(A, B) Control Wnt5afl/fl showed a significant preference for a new object in the novel 
object recognition task, while CaMKII-Wnt5afl/fl mice spent similar amounts of time 
exploring the familiar and new objects. Deficits in recognition memory were evident in 
both 3- and 6-month old mutant animals. Dashed line indicates equal amount of time 
spent exploring new and familiar objects. Results are mean ± SEM from n=21 Wnt5afl/fl 
mice and n=19 CaMKII-Wnt5afl/fl mice at 3 months, and n=16 Wnt5afl/fl and n=23 
CaMKII-Wnt5afl/fl at 6 months. *p<0.05, **p<0.01 significantly different from 50% time 
spent with novel object, unpaired, two-tailed t test. 
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Figure 4.6:  Both 3 month and 6 month CaMKII-Wnt5afl/fl mice show normal 
swimming speed and vision acuity. 
(A, B) Swimming speeds and visual acuities are similar between CaMKII-Wnt5afl/fl mice 
and control litter-mates at both 3 and 6 months of age. Results are means ± SEM from 20 
Wnt5afl/fl, 19 CaMKII-Wnt5afl/fl mice at 3 months of age and 17 Wnt5afl/fl, 20 CaMKII-






Figure 4.7: CaMKII-Wnt5afl/fl mice exhibit a progressive cognitive functions decline 
in hippocampal dependent Morris water maze (MWM) learning and memory assay. 
(A) Schematic of the Morris water maze (MWM). (B) Timeline for the MWM tasks. (C) 
Impaired learning in 3 month old CaMKII-Wnt5afl/fl mice. Results are mean ± SEM from 
n=20 Wnt5afl/fl and n=19 CaMKII-Wnt5afl/fl mice at 3 months, *p<0.05; **p<0.01, two-
way ANOVA. (D) 6 month CaMKII-Wnt5afl/fl mice exhibit severe deficits in learning and 
fail to acquire the latency of control animals even on day 12. Results are mean ± SEM 
from n=18 Wnt5afl/fl and n=20 CaMKII-Wnt5afl/fl mice at 6 months of age. *p<0.05, 





Figure 4.8:  Both 3 month and 6 month CaMKII-Wnt5afl/fl mice show memory deficit 
in MWM probe trial  test. 
(A, B) During probe trials, 3 month and 6 month CaMKII-Wnt5afl/fl mice showed less 
preference for the target quadrant compared to control litter-mates. Results are mean ± 
SEM, *p<0.05, **p<0.01 unpaired two-tailed t test. (C, D) 3 and 6 month old CaMKII-
Wnt5afl/fl mice exhibit fewer crossings over the original platform location during the 
probe trial on day13, compared to control litter-mates. Results are means ± SEM from 
n=20 Wnt5afl/fl and n=19 CaMKII-Wnt5afl/fl mice at 3 months, and from n=18 Wnt5afl/fl 





Figure 4.9: 6 month CaMKII-Wnt5afl/fl mice show severe deficits in reversal MWM  
learning task. 
(A, B) Both 3 and 6 month-old CaMKII-Wnt5afl/fl mice showed deficits in reversal 
learning compared to control mice, and the deficits were more pronounced in 6 month old 




Figure 4.10: 6 month CaMKII-Wnt5afl/fl mice have severe impairment in memory 
retention. 
(A) During the memory retention test, 3 month old CaMKII-Wnt5afl/fl mice spent less 
time in the target quadrant compared to control littermates. White dashed line indicates 
25% of time that mice spent in the target quadrant. Results are mean ± SEM, # p<0.05 
significantly different from 25%, *p<0.05, **p<0.01 significantly different from control 
litter-mates, unpaired two-tailed t test. (B) 6 month old CaMKII-Wnt5afl/fl mice also spent 
significantly less time in the target quadrant compared to controls, but exhibited a marked 
decay in memory retrieval by the 5th day of the probe trial. White dashed line indicates 
25% time mice spent in the target quadrant. Results are means ± SEM, # p<0.05 
significantly different from 25%, *p<0.05, **p<0.01, ***p<0.001 significantly different 




Wnts are secreted glycoproteins that have critical and evolutionarily conserved 
functions during embryonic development (Logan and Nusse, 2004). In the nervous 
system, Wnt5a play a critical roles in neuronal morphogenesis during early development 
and synapse formation in cultured hippocampal pyramidal neurons (Bian et al., 2015; 
Blakely et al., 2011; Bodmer et al., 2009; Cuitino et al.; Davis et al., 2008; Li et al., 2009; 
Rodriguez-Gil and Greer, 2008; Shafer et al., 2011; Varela-Nallar et al., 2010a; Zhang et 
al., 2007). Interestlying, we identified that Wnt5a protein expression pattern starts at 
postnatal stage and last to adulthood in the hippocampus. However, less is known about 
the functions of Wnt5a in the adult animals, due to global developmental defects and the 
prenatal lethality in conventional Wnt5a knockout mice (Yamaguchi et al., 1999).  
With generating neuron-specific deletion of Wnt5a in CaMKII-Wnt5afl/fl mice, we 
reveal an essential role for Wnt5a in maintaining dendrite morphology in the adult 
hippocampus (Figures 2.12 B,C and D; Figures 2.17 Band D). Loss of Wnt5a in 
hippocampal CA1 pryamidal neurons does not compromise dendrite development, but 
results in striking adult-onset defects in dendritic complexity, lengths and spine densities 
that manifest in 6 months-old mutant mice. Electrophysiological analyses of 3 month-old 
CaMKII-Wnt5afl/fl mice which have normal dendritic complexity and spine density as 
wild type littermates revealed impaired synaptic plasticity in LTP. By applying paired-
pulse ratio assay to analyze the spynaptic vesicles release probability from pre-synaptic 
terminal shown similar faciliation response. This evidence indicate Wnt5a regulate 
synaptic plasticity mainly on the post-synaptic terminal but not the pre-synaptic terminal.  
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 We further tested synaptic strength of CA1 pyramidal neurons from acute brain slices 
of both 3 month and 6 month-old CaMKII-Wnt5afl/fl mice by extracellular recorded 
population excitatory postsynaptic potentials (EPSPs). By measuring the input/output 
(I/O) curve, we found a significant decrease in synaptic efficacy in 6 month-old, 
CaMKII-Wnt5afl/fl hippocampal slices. These results indicate that Wnt5a has function in 
regulating either synapse number or glutamate receptor number in the post-synaptic 
terminal in the hippocampus.  
 Synaptic plasticity is critical for information processing in the brain and has been 
shown to underlie many complex behaviors including learning and memory. We found 
that synaptic plasticity compromises in 3 month- old CaMKII-Wnt5afl/fl mice in novel 
object recognition and slight deficits in Morris Water Maze learning and memory test.  
To note that 3 month- old CaMKII-Wnt5afl/fl mice have normal dendritic complexity and 
spine density as wild type littermates. Remarkably, due to progressively decline with the 
manifestation of dendritic structure abnormalities, 6 month-old CaMKII-Wnt5afl/fl mice 
showed severe defects in Morris Water Maze learning and memory test. Together, These 
findings provide the first direct genetic evidence for a Wnt protein in adult animal 
behavior in the acquisition of spatial learning and memory storage. 
 





All procedures relating to animal care and treatment conformed to institutional and NIH 
guidelines. Animals were housed in a standard 12:12 light-dark cycle. The generation of 
Wnt5afl/fl mice has been previously described (Ryu et al., 2013). Wnt5afl/fl mice were 
backcrossed to C57BL/6 background for at least 7 generations and maintained on a 
C57BL/6 background. Nestin-Cre and TOPGAL mice were obtained from Jackson 
Laboratory and CaMKII-Cre mice (T29-1 line) were a generous gift from Dr. Nicholas 
Gaiano. Sprague Dawley rats were purchased from Charles River. Hippocampal neuron 
cultures were established from embryonic day 18 (E18) rat pups as previously described 
(Araki et al., 2015). 
 
Slice preparations and electrophysiology 
3 or 6 month-old male mice were anesthetized with the inhalation anesthetic isoflurane 
prior to decapitation. Brains were rapidly dissected out and placed in ice-cold, 
oxygenated (95% O2 and 5% CO2) low-Ca
2+/high-Mg2+ dissection buffer containing 
2.6 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 211 mM sucrose, 11 mM glucose, 
0.5 mM CaCl2 and 7 mM MgCl2. 350 
using a vibratome (Leica; VT1000s) in dissection buffer followed by recovery in a static 
submersion chamber filled with oxygenated artificial cerebrospinal fluid (ACSF) 
containing 125 mM NaCl, 5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2, 
25 mM NaHCO3 and 11 mM glucose at 30 °C for at least 1 hour before LTP or 2 hr 
before LTD recording. 
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 Slices were transferred to a recording chamber where they were perfused 
continuously with oxygenated ACSF at a flow rate of ~3 ml/min at 30 ◦C. Hippocampal 
CA1 field excitatory postsynaptic potential (fEPSP) was evoked at 0.033 Hz with a 
125 μm platinum/ iridium concentric bipolar electrode (FHC, Bowdoinham, ME) placed 
in the middle of stratum radiatum of CA1. Synaptic responses were recorded with ACSF-
filled microelectrodes (1–2MΩ), positioned ∼200 μm away (orthodromic) from the 
stimulating electrode, and were quantified as the initial slope of fEPSP. Input-output 
relationships were obtained for each slice with various stimulus intensity and responses 
were set to ∼45% max for LTP experiments and ∼55% max for LTD experiments. Input-
output curves were plotted as the fEPSP slope against the presynaptic fiber volley 
amplitude across all stimulation intensities and the slope for the linear fit of the fiber 
volley–fEPSP slope relationship were obtained from each slice. Paired-pulse facilitation 
(PPF) was recorded with inter-stimulus interval of 25−250 ms. PPF data were presented 
as a ratio of the second response slope relative to the first. LTP was induced by theta 
burst stimulation (TBS) consists of 4 trains of 10 bursts at 5 Hz, with each burst 
consisting of four stimuli given at 100 Hz and 10 second inter-train interval. LTD was 
induced by long frequency stimulation (LFS) consists of 900 single pulses at 1 Hz.  
 All hippocampal slice electrophysiological recordings were performed by an 
experimenter blind to the animal genotype. Statistical significance was determined with a 
two-way ANOVA for PPF and a two-tailed, unpaired t test for input/output relationship, 
LTP and LTD. Representative traces are averages of 4 (PPF and input/output 





Morris water maze 
       Mice were trained to find a submerged platform in a water maze in a 12-day training 
protocol as previously described (LeGates et al., 2012). Mice were tested in four stages: 
naïve acquisition, probe trial, reversal learning, probe trials for memory retention (see 
Figure 4.7 B). During the naïve acquisition phase, mice were trained (four trials per day 
for 12 days) to find a hidden platform using four visual distal cues equally surrounding 
the pool. Each mouse was randomly placed in a different area of the pool at the start of 
each trial with the platform maintained in the same quadrant (target quadrant). The 
platform was then removed on day13 during the probe trial. Swimming in each quadrant 
and specifically the preference for the target quadrant was measured to evaluate spatial 
memory using a computerized video tracking system (Any-maze) with a camera mounted 
in the center above the pool. Reversal training began on day14 when the platform was 
moved to the quadrant opposite to the original target quadrant. Mice were trained as 
described for the acquisition phase. 
 Latency to locate the platform during the acquisition and reversal phases were 
analyzed by two-way ANOVA followed by a Fisher-LSD post-hoc test to examine 
changes in latency throughout the course of the experiment as well as the effect of the 
genotype. Probe trials were analysed by calculating the percentage time spent in the 
target quadrant and performing a two-tailed t-test. 
 
Novel object recognition  
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     Recognition memory was assessed using the novel object recogniton test. Mice were 
first removed from their home cages, acclimated to the empty testing arena for 10 min, 
and subsequently returned to their home cages. The day after acclimation, mice were 
returned to this arena with two identical objects that they could freely explore for 10 min, 
after which they were returned to their home cages for 24 hr. At the end of the 24 hr 
period, mice were placed back into the arena with one of the objects changed to a novel 
object, and were allowed to explore both the familiar and novel objects for 5 min. 
Behavior was monitored from above by a video camera connected to a computerized 
video tracking system (Any-maze), and the percentage of time spent with each object was 
calculated. The objects and arena were thoroughly cleaned between each trial to remove 
odor cues. Object recognition was analysed by calculating the percentage time spent with 
the novel object and performing a one sample t-test to determine whether this was 
significantly above 50%. 
 
Visual acuity 
      Visual acuity was assessed by measuring the image-tracking reflex in a virtual 
cylinder “OptoMotry” (Cerebral Mechanics, Lethbridge, Canada) as previously described 
(Guler et al., 2008). A sine wave grating was projected on the screen rotating in a virtual 
cylinder. The animal was assessed for a tracking response upon stimulation for 
approximately 5 seconds. All acuity thresholds were determined using the staircase 




     All Student’s t tests were performed using two-tailed, unpaired, and a confidence 
interval of 95%. One-way or two-way ANOVA analyses were performed when more 
than two groups were compared. Statistical analyses were based on at least 3 independent 
experiments, and described in the figure legends. All error bars represent the standard 


























The Wnt protein family, which includes 19 members in mammals, all function as 
secreted glycoproteins and are reported to have morphogenetic activity. With the ability 
to initiate many signaling cascades, disruption of Wnt signaling has resulted in various 
diseases, including cancers, melanoma (Polakis, 2012), and  neurodegenerative diseases 
(Inestrosa and Arenas, 2010).  Wnt proteins have been classified as two major groups, 
canonical and non-canonical pathways, from their properties to initiate downstream 
signaling (Gordon and Nusse, 2006).  Based on recent study, Wnt1, Wnt3a, Wnt7a/b, and 
Wnt8 are identified as common activators for the canonical wnt pathway, whereas Wnt4, 
Wnt5a, and Wnt11 are belonged to the non-canonical Wnt pathway (Gordon and Nusse, 
2006; Kikuchi et al., 2011; MacDonald et al., 2009). 
 
The Canonical pathway of β-Catenin dependent pathway  
Wnt binds to Fz and LRP5/6 receptor complex that activates the cytoplasmic protein 
disheveled (Dvl), which serves as a platform for the recruitment of  the β-catenin 
destruction complex (Bilic et al., 2007). This β-catenin destruction complex includes the 
scaffold protein Axin, Glycogen synthesis kinase-3β (GSK- 3β),  Casein kinase-1 α (CK-
1α), and the tumor suppressor adenomatous polyposis coli (APC) (Cliffe et al., 2003; Gao 
and Chen, 2010; Schwarz-Romond et al., 2007). Once Wnt binds to Fz and LRP5/6 
receptor complex, CK-1α phosphorylates LRP5/6 which inhibits the β- catenin 
destruction complex. Thus,  Wnts prevent β-catenin from degradation and allows it to 
translocate to the nucleus. In the nucleus, β-catenin interacts with other TCF/LEF 
transcription factors to activate the transcription of Wnt target genes (Clevers and Nusse, 
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2012; Logan and Nusse, 2004). There are several genes invloved in cell proliferation and 
signaling activation which are transcribed by β-catenin/TCF/LEF complex, including c-
Myc, cyclin D1, Axin2, and Ca2+-calmodulin-dependent protein kinase type IV (Arrazola 
et al., 2009; Hodar et al., 2010; Nusse and Varmus, 2012). 
 
The Non-canonical pathway or β-Catenin-independent pathway  
Two signaling cascades activated by Wnt ligands are grouped as non-canonical 
pathway which involves downstream effectors that are independent of β-catenin 
signaling: the planar cell polarity (PCP) pathway and the calcium pathway. The Wnt/PCP 
pathway is first identified for its functions in regulating tissue polarity and cell migration 
during development in Drosophila (Adler, 2002; Veeman et al., 2003). In this pathway, 
the binding of Wnt to the Fz receptors activates Rho and Rac, which in turn stimulates 
Rho-associated protein kinase (ROCK) and JNK, respectively. The Rho and Rac are 
small GTPases important for regulating actin polymerization, cytoskeletal organization,  
spine morphologies and cell motility. In addition, another Wnt/PCP pathway downstream 
effector, c-JunN-terminal kinase (JNK)  are important in controling cell polarity as well 
as gene transcription. 
The other non-canonical pathway- Wnt/Calcium pathway acts mainly through a G-
protein-dependent signaling cascade (Kohn and Moon, 2005; Slusarski et al., 1997a; 
Slusarski et al., 1997b). Once Wnt  binds to Fz, the seven transmembrance receptor will 
stimulate heterotrimeric G-proteins, which activates phospholipase-C (PLC). As a result, 
PLC is able to generate diacylglycerol (DAG) and inositol-1,4,5-thriphosphate (IP3). IP3 
interacts with the Inositol triphosphate receptor which acts as calcium channels present 
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on the membrane of endoplasmic reticulum (ER) resulting in release of calcium (Kohn 
and Moon, 2005). Calcium further activate calcium calmodulin dependent protein kinase 
II (CaMKII). DAG produced by hydrolysis of phosphatidyl inositol 4,5-bisphosphate and 
together with elevated calcium activates protein kinase C (PKC) (Kuhl et al., 2000a; Kuhl 
et al., 2000b; Sheldahl et al., 1999).  Both CaMKII and PKC in turn activate epigenetic 
modification enzyme suh as  histone deacetylase (HDAC) and various nuclear 
transcription factors such as NFB and CREB (Kim et al., 2012; La Porta and Comolli, 
1998; Ma et al., 2011). Depending on the calcium concentration released from ER, the 
non-cannonical pathway can also activate calcinurin, a protein phosphatase, that can 
dephosphorylate downstream efectors and in turn activate Nuclear Factor Associated with 
T cells (NFAT) (Spinsanti et al., 2008). Interestingly, different Wnt ligands compete for 
the Fz receptor at the cell surface and may cause a inhibition of the reciprocal pathway 














Wnts are known to exert their effects by signaling through three effector pathways; 
the canonical -catenin-dependent pathway, a Ca2+-dependent pathway and the planar 
cell polarity (PCP) pathway (Ciani and Salinas, 2005). To define Wnt5a-mediated 
signaling events in the hippocampus, we assessed biochemical changes in young adult 
Nestin-Wnt5afl/fl mice at 1.5 months before the appearance of structural anomalies.  
 We first assessed whether Wnt5a deletion affects canonical Wnt signaling by crossing 
Nestin-Wnt5afl/fl mice with TOPGAL transgenic mice, where LacZ expression reports -
catenin-dependent transcriptional activity (DasGupta and Fuchs, 1999). We observed 
comparable X-gal staining in the hippocampus in 1.5 month old TOPGAL;Nestin-
Wnt5afl/fl and control TOPGAL;Wnt5afl/fl mice (Figure 5.1 A). Biochemical assays 
revealed similar levels of accumulated -catenin in nuclear fractions from Nestin-
Wnt5afl/fl and control hippocampus (Figures 5.1 B and C). We also performed qPCR 
analysis to assess the expression of Axin2, a well-established transcriptional target of 
canonical -catenin signaling (Yan et al., 2001). We found comparable Axin2 transcript 
levels between Wnt5a mutant and control hippocampi (Figure 5.1 D). These results 
indicate that canonical Wnt signaling in the mature hippocampus is unaffected by Wnt5a 
depletion.  
 We next assessed the Wnt-calcium pathway where Wnt ligands promote an increase 
of cytoplasmic Ca2+ (Kohn and Moon, 2005; Veeman et al., 2003). We performed 
calcium imaging in cultured rat hippocampal neurons acutely treated with Wnt5a. 
Hippocampal neurons transfected with GCaMP3, a genetically encoded calcium reporter, 
were treated with Wnt5a conditioned or control media diluted in artificial cerebrospinal 
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fluid (ACSF) buffer and delivered via a continuous perfusion. Strikingly, Wnt5a elicited 
a calcium response in 92% of the neurons, while only 43% of neurons responded to 
control media. Furthermore, the number of calcium transients was 5-fold higher in 
Wnt5a-treated neurons (Figures 5.2 A-C). The average frequency of the calcium 
transients was 12.04 ± 1.4 per 30 minutes in Wnt5a-treated neurons compared to 2.27 ± 
0.5 in control neurons (Figure 5.2 C).  
 Wnt-calcium signaling activates Ca2+-sensitive enzymes including calcium-
calmodulin kinase II (CaMKII) and protein kinase C (PKC) (Kohn and Moon, 2005; 
Veeman et al., 2003), which are also known to be critical regulators of hippocampal 
connectivity and functions (Sweatt, 1999; Wayman et al., 2008). We thus performed 
immunoblotting analyses of hippocampal homogenates using a phospho-specific 
antibody that reports CaMKII activation (threonine 286 phosphorylation on CaMKII- 
and threonine 287 phosphorylation on CaMKII-) (Lisman et al., 2002). At 2 weeks of 
age when dendrite branch elaboration is on-going, there were no changes in the levels of 
phosphorylated CaMKII in Nestin-Wnt5afl/fl mice (Figures 5.2 D and E), although Wnt5a 
depletion was near-complete by this time (Figures 3.3). These results suggest that 
CaMKII signaling in the developing hippocampus is not altered with Wnt5a depletion. 
However, at 1.5 months of age, we observed a pronounced attenuation of phosphorylated 
CaMKII- (57% decrease) and CaMKII- (40% decrease) in Nestin-Wnt5afl/fl mice 
(Figures 5.2 F and G). A modest yet significant decrease (10%) in PKC phosphorylation 
was also observed in the Wnt5a mutant hippocampus at 1.5 months of age (Figures 5.3 A 
and B).  
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 Calcium signaling plays a pivotal role in regulating dendritic structure and synaptic 
functions in the hippocampus (Lisman et al., 2002; Wong and Ghosh, 2002). In post-
synaptic density fractions isolated from Nestin-Wnt5afl/fl hippocampus, we observed a 
marked decrease in phosphorylation of the GluA1 subunit of AMPA-type glutamate 
receptors at a critical Serine 831 site, known to be phosphorylated by both CaMKII and 
PKC (Mammen et al., 1997; Roche et al., 1996), (Figures 5.4 A and B). Serine 831 
phosphorylation has been functionally linked to channel conductance, synaptic plasticity 
and retention of spatial memory in mice (Derkach et al., 1999; Lee et al., 2003). 
 Calcium signaling within synapses can couple to transcriptional responses via 
shuttling of a Ca2+/CaM/CaMKII- complex to the nucleus to promote phosphorylation of 
CaMKIV which then phosphorylates and activates the transcription factor CREB (Ma et 
al., 2014). We found that phosphorylation of CaMKIV was significantly reduced by 39% 
(Figures 5.5 A and B) while CREB phosphorylation was decreased by 59% in nuclear 
fractions prepared from 1.5 month old Nestin-Wnt5afl/fl hippocampal tissues (Figures 5.5 
C and D). However, at 2 weeks of age, there were no differences in CaMKIV or CREB 
phosphorylation levels between mutant and control mice (Figures 5.5 E-H). These results 
suggest that Wnt5a functions via a Ca2+-mediated signaling cascade that impinges on 
CREB phosphorylation in mature hippocampal neurons. 
 We also examined the planar cell polarity pathway where non-canonical Wnts induce 
cytoskeletal dynamics by activating small GTPases, such as Rac1, and JNK signaling 
(Montcouquiol et al., 2006). Rac1 is a critical regulator of the actin cytoskeleton in 
dendrites and spines (Luo, 2002; Van Aelst and Cline, 2004). Indeed, we found that 
active Rac1-GTP was reduced by 51% in hippocampal homogenates from 1.5 month 
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Nestin-Wnt5afl/fl mice, although total Rac1 protein levels were unaffected (Figures 5.6 A 
and B). There were no changes in Rac1 activity in the Nestin-Wnt5afl/fl  hippocampus at 2 
weeks of age (Figures 5.6 C and D). Phospho-JNK levels were also significantly reduced 
in hippocampal lysates from Nestin-Wnt5afl/fl mice at 1.5 months but not at 2 weeks of 
age (Figures 5.7 A-D). Rac1 activity can also be influenced by CaMKII activity via 
CaMKII-mediated phosphorylation of the Rac1-specific GEFs, Tiam1 and Kalirin-7 
(Tolias et al., 2005; Xie et al., 2007). 
 In CaMKII-Wnt5afl/fl mice, we also found that phosphorylation of CaMKII and GluA1 
(Ser-831) (Figures 5.8 A-D) as well as Rac1 activity (Figures 5.9 A and B) and CREB 
phosphorylation (Figures 5.10 A and B) were significantly diminished in hippocampal 
homogenates at 3 months of age, similar to that observed in 1.5 month-old Nestin-
Wnt5afl/fl mice. Of note, at 3 months of age, there are no structural abnormalities in 
CaMKII-Wnt5afl/fl mice ( Figures 3.11 A and C; Figures 3.12 A and B). 
 Together, these analyses suggest that loss of Wnt5a impairs calcium and 
cytoskeleton-associated biochemical cascades that are essential for synaptic structure and 
plasticity in the mature hippocampus.  
 
Wnt5a regulates CREB-dependent GluN1 synthesis  
Our finding that Wnt5a deletion altered nuclear responses, including decreased CREB 
phosphorylation, suggested a role for Wnt5a in regulating gene expression in 
hippocampal neurons. We thus asked whether Wnt5a deletion influences the levels of 
pre- and post-synaptic proteins. In Nestin-Wnt5afl/fl mice at 1.5 months of age, 
immunoblotting analyses of hippocampal homogenates showed no differences in levels 
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of VGLUT1, synaptophysin, synapsin1, AMPA-type glutamate receptor subunits, GluA1 
and GluA2, protein kinases CaMKII 
PSD95, compared to control Wnt5afl/fl mice (Figures 5.11 A and B). However, 
interestingly, we noticed a pronounced down-regulation (33% decrease) in the protein 
levels of GluN1, the essential NMDA receptor subunit, in mutant homogenates (Figure 
5.11 A and B). Functional NMDA receptors are heterotetramers consisting of two 
obligatory GluN1 and different GluN2 subunits incorporated in a developmental and cell 
type-specific manner (Seeburg, 1993). We did not observe any changes in the levels of 
other NMDA receptor subunits, GluN2a/2b, that are co-expressed with GluN1 in the 
mature hippocampus (Figure 5.11 A and B), although the protein expression and stability 
of these subunits have been reported to be dependent on functional GluN1 subunits 
(Fukaya et al., 2003; Ultanir et al., 2007). This is likely because the GluN1 depletion in 
our study is less robust compared to that in GluN1 null mice (Fukaya et al., 2003; Ultanir 
et al., 2007). In CaMKII-Wnt5afl/fl mice at 3 months of age, we found a similar reduction 
in GluN1 levels, without any changes in GluN2a, GluN2b, GluA1 and GluA2 in 
hippocampal homogenates (Figure 5.12 A and B). 
We assessed GluN1 transcript levels using qPCR and observed a significant decrease 
(25%) in the 1.5 month Nestin-Wnt5afl/fl hippocampus and (40%) in the 3 month CaMKII-
Wnt5afl/fl hippocampus, whereas the GluN2a and GluN2b transcripts were unaltered 
(Figures 5.11 C and 5.12 C). Given the decreased CREB phosphorylation with Wnt5a 
deletion, we asked whether Wnt5a regulates GluN1 transcription in a CREB-dependent 
manner. We analyzed the mouse GluN1 promoter region using a bioinformatics search 
(http://natural.salk.edu/CREB/) and identified three putative CRE sites (CRE1 at -212 bp, 
 96 
CRE2 at -238 bp and CRE3 at -770 bp) in the 1 kb region upstream of the transcription 
start site (Figure 5.13 A). In a dual luciferase assay, hippocampal neurons were co-
transfected with vectors encoding for Cypridina luciferase driven by the CRE-harboring 
GluN1 promoter region and Gaussia luciferase driven by the SV40 promoter as control. 
Stimulation of hippocampal neurons with Wnt5a conditioned media for 6 hr significantly 
increased Cypridina luciferase activity compared to control media (Figure 5.13 B). 
However, mutation of all three CRE sites in the GluN1 promoter fragment abolished 
Wnt5a-induced luciferase activity (Figure 5.13 B). Further deletion analyses to delineate 
the responsible CRE elements revealed that the two proximal CRE elements (-212 to -216 
bp and -238 to -242 bp) but not the distal CRE3 site (-770 to -774) were necessary for 
Wnt5a-induced GluN1 gene transcription (Figure 5.13 B). Together, these results reveal 
an unanticipated role for Wnt5a in enhancing GluN1 transcription through a noncanonical 









    
Figure 5.1: Lost of wnt5a does not disturb -catenin dependent pathway in 1.5 
month Nestin-Wnt5afl/fl hippocampus. 
(A) Wnt5a depletion does not affect -catenin-mediated transcriptional activity in the 
hippocampus. X-gal staining of coronal brain sections shows comparable signal 
intensities between TOPGAL;Nestin-Wnt5afl/fl mice and control litter-mates at 1.5 
months. (B, C) Similar levels of nuclear (active) -catenin in 
hippocampal nuclear fractions from 1.5 month Nestin-Wnt5afl/fl mice and control litter-
mates. The -catenin immunoblot was reprobed for p84, a nuclear protein, for 
normalization. Results are means ± SEM from 11 mice per genotype. (D) Axin2 transcript 
levels are unaffected by Wnt5a deletion in Nestin-Wnt5afl/fl hippocampus. Results are 
means ± SEM from 6 mice per genotype. 
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Figure 5.2: The key component of calcium-CaMKII phosphorylation is decreased in  
1.5 month Nestin-Wnt5afl/fl hippocampus. 
(A, B) Wnt5a treatment elicits a robust increase in calcium transients in hippocampal 
neurons. Rat hippocampal neuron cultures were transfected with GCaMP3 and treated 
with control L- or Wnt5a-  Traces of 
calcium transients shown in below. (C) Wnt5a elicits a 5-fold increase in calcium 
transients compared to control media. Results are mean ± SEM from n=3 independent 
experiments (total of n=31 L media-treated cells and n=26 Wnt5a-treated neurons), 
***p<0.001, unpaired two-tailed t test. (D, E) CaMKII phosphorylation is unaffected in 
the Nestin-Wnt5afl/fl hippocampus during development (2 weeks). Results are means ± 
SEM from n=9 mice per genotype. (F, G) Phosphorylation of CaMKII- are 
significantly reduced in hippocampal homogenates from Nestin-Wnt5afl/fl (Mut) 
compared to Wnt5afl/fl litter-mates (Wt) at 1.5 months of age. Immunoblots were stripped 
and reprobed for total CaMKII- and  for normalization. Results are mean ± SEM from 




                 
 
Figure 5.3: Phosphorylation of protein kinase C (PKC) is slightly decreased in  1.5 
month Nestin-Wnt5afl/fl hippocampus. 
(A, B) PKC phosphorylation is modestly decreased in 1.5 month Nestin-Wnt5afl/fl 
hippocampal homogenates. Results are means ± SEM from n=9 mice per genotype, 





                    
Figure 5.4: Phosphorylation of GluA1 is decreased in 1.5 month Nestin-Wnt5afl/fl 
hippocampal post-synaptic density fractions. 
(A, B) Phosphorylation of GluA1Ser831 is significantly reduced in hippocampal post-
synaptic density (PSD) fractions isolated from Nestin-Wnt5afl/fl mice. Immunoblots were 
stripped and reprobed for total GluA1 for normalization. Results are means ± SEM from 




Figure 5.5: Both CaMKIV and CREB activity  are attenuated  in 1.5 month Nestin-
Wnt5afl/fl hippocampus nuclear fraction, but remain normal in 2 weeks Nestin-
Wnt5afl/fl hippocampus nuclear fraction. 
(A, B) Phospho-CaMKIV levels are decreased in hippocampal nuclear fractions from 1.5 
month old Nestin-Wnt5afl/fl mice. Immunoblots were reprobed for total CaMKIV for 
normalization. Results are mean ± SEM from n=6 mice per genotype, *p<0.05, unpaired 
two-tailed t test. (C, D) Phosphorylation of CREB is attenuated in Nestin-Wnt5afl/fl 
hippocampal nuclear fractions. Blots were reprobed for total CREB for normalization. 
Results are mean ± SEM from n=6 mice per genotype, **p<0.001, unpaired two-tailed t 
test. (E, F) CaMKIV phosphorylation is not altered in 2 week old Nestin-Wnt5afl/fl 
hippocampal nuclear fractions. Results are means ± SEM from n=6 mice per genotype. 
(G, H) CREB phosphorylation is normal in 2 week old Nestin-Wnt5afl/fl hippocampus.  
Results are means ± SEM from n=9 mice per genotype.
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Figure 5.6: Rac activity  is attenuated  in 1.5 month Nestin-Wnt5afl/fl hippocampus 
but remain normal in 2 weeks Nestin-Wnt5afl/fl hippocampus. 
(A, B) Rac1-GTP levels are reduced in hippocampal homogenates from 1.5month old 
Nestin-Wnt5afl/fl mice. The total Rac1 level is not affected. Hippocampal homogenates 
were subjected to GST-PAK-PBD-agarose pull-downs and immunoblotted for Rac1 to 
assay for levels of Rac1-GTP. Immunoblots were stripped and reprobed for Rac1 and 
tubulin. Rac1-GTP signal intensities were normalized to total Rac1, while Rac1 was 
normalized to tubulin. Results are mean ± SEM from n=5 mice per genotype, **p<0.01, 
unpaired two-tailed t test. (C, D) There are no significant differences in Rac1-GTP levels 
between the Nestin-Wnt5afl/fl and control hippocampus at 2 weeks. Results are means ± 
SEM from n=5 mice per genotype. 
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Figure 5.7: Phosphorylation of JNK  reduced in 1.5 month Nestin-Wnt5afl/fl 
hippocampus but not at 2 weeks Nestin-Wnt5afl/fl hippocampus. 
(A, B) Phospho-JNK levels are significantly decreased in hippocampal homogenates 
from Nestin-Wnt5afl/fl mice at 1.5 months. Results are means ± SEM from n=9 mice per 
genotype, *p<0.05, unpaired two-tailed t test. (C, D) There are no significant differences 
in JNK phosphorylation levels between the Nestin-Wnt5afl/fl and control hippocampus at 2 
weeks. Results are means ± SEM from n=5 mice per genotype. 
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Figure 5.8 Attenuated phosphorylation of CaMKII and GluA1 in the mature 
CaMKII-Wnt5afl/fl hippocampus. 
 (A, B) Phospho-CaMKII levels are markedly decreased in 3 month old CaMKII-
Wnt5afl/fl hippocampus. Results are means ± SEM from n=6 mice per genotype, 
**p<0.01, unpaired two-tailed t test. (C, D) Reduced GluA1Ser831 phosphorylation levels 
in 3 month old CaMKII-Wnt5afl/fl hippocampus. Results are means ± SEM from n=6 mice 
per genotype, *p<0.05, unpaired two-tailed t test.  
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Figure 5.9 Attenuated Rac activity in the mature CaMKII-Wnt5afl/fl hippocampus. 
(A, B) A pronounced decrease in Rac1 activity in hippocampal homogenates from 3-
month old CaMKII-Wnt5afl/fl mice. The total Rac1 protein level is not affected. Results 
are means ± SEM from n=6 mice per genotype, **p<0.01, unpaired two-tailed t test.  
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 Figure 5.10 CREB phosphorylation decreased in the 3 month old CaMKII-Wnt5afl/fl 
hippocampus. 
(A, B) Down-regulation of phosphorylated CREB in 3 month old CaMKII-Wnt5afl/fl 
hippocampal nuclear fractions. Results are means ± SEM from n=5 mice per genotype, 




Figure 5.11:  GluN1 protein and transcript level are decreased in  Nestin-Wnt5afl/fl 
hippocampus.  
 (A, B) Representative immunoblots of synapse-associated signaling and structural 
proteins. Decreased protein levels of the obligatory NMDA receptor subunit, GluN1, in 
hippocampal homogenates from 1.5-month Nestin-Wnt5afl/fl mice (arrow). Immunoblots 
were stripped and reprobed for tubulin for normalization. (B) Densitometric 
quantification of immunoblots of synaptic proteins in hippocampal homogenates from 1.5 
month old Nestin-Wnt5afl/fl and control mice. Densitometric signal intensities for each 
protein were normalized to tubulin, and values expressed relative to control homogenates. 
Results are mean ± SEM from n=6 mice per genotype, ***p<0.001, unpaired two-tailed t 
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test. (C) Quantitative real-time PCR analysis shows a decrease in GluN1 transcript levels 
but not of GluN2a/b in the Nestin-Wnt5afl/fl hippocampus. Results are mean ± SEM from 
n=6 mice per genotype, **p<0.01, unpaired two-tailed t test.   
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Figure 5.12:  GluN1 protein and transcript level are decreased in mature  CaMKII-
Wnt5afl/fl hippocampus  
 (A, B) GluN1 protein levels are decreased in 3 month old CaMKII-Wnt5afl/fl 
hippocampal homogenates. Other glutamate receptor subunits are unaffected. Results are 
mean ± SEM from 6 mice per genotype,  ***p<0.001, unpaired two-tailed t test. C) 
Quantitative real-time PCR analysis shows a decrease in GluN1 transcript levels but not 
of GluN2a/b in the CaMKII-Wnt5afl/fl hippocampus. Results are mean ± SEM from n=6 





Figure 5.13: Proximal CRE1 and CRE2 sites in GluN1 promoter are important for 
Wnt5a mediated GluN1 transcription. 
(A) A 1kb region upstream of the mouse GluN1 promoter harbors three putative CRE 
sites. Hippocampal neurons were co-transfected with luciferase reporter constructs, 
Cypridina luciferase driven by GluN1 promoter region, and Gaussia luciferase driven by 
SV40 promoter as a control. Hippocampal neurons were treated with control or Wnt5a 
media for 6 hr and then harvested to measure luciferase activity. (B) Structure and 
fnuction analysis of all three CRE sites on GluN1 promoter by dual luciferase assy.  
Wnt5a promotes a significant increase in GluN1 promoter driven luciferase activity. The 
two proximal binding sites (CRE1 and CRE2) is sufficient for the Wnt5a mediated 
increase in luciferase activity, however the distal CRE site (CRE3) showed no function in 
inducing luciferase activity. Results are mean ± SEM for n=6 independent experiments, 




A vast body of literature supports the notion that Wnt5a signaling work through non-
canonical pathways during development. To investigate the signaling pathways by which 
Wnt5a influences morphological changes and animal learning and memory behavior in 
mature mice, we first utilized TOPGAL;Nestin-Wnt5afl/fl  mice to monitor the canonical  
-catenin transcriptional ability with Laz reporter.  The Laz level are comparable in abult 
mutant mice. We further checked the active form of -catenin, the downstream 
transcription factor in the canonical pathway, prepared from the nuclear fraction and did 
not obserse a change between 1.5 month-old WT and Wnt5a mutant  mice. Additionally, 
the transcript of Axin2, a -catenin target gene, also showed a normal level in mutant 
mice compared to their WT litermate. These results together suggested that Wnt5a 
signaling in the adult hippocampus does’t activate canonical pathway. To test whether 
Wnt5a signaling work through non-canonical pathways in the hippocampus, we 
employed phospho-specific antibodies to examine the activation of Wnt5a downstream 
effectors, including CaMKII, PKC and JNK, from hippocampal lysates prepared from 1.5 
month old Nestin-Wnt5afl/fl  and 3 months old CaMKII-Wnt5afl/fl  mutant mice. 
Interestingly, We found that the phosphorylation of CaMKII-α and CaMKII -β were 
significantly attenuated in hippocampal lysates. This evidence prompt us further test 
levels of CaMKIV and CREB from the nuclear fraction of mature hippocampal neurons. 
Indeed, both CaMKIV and CREB phosphorylation are attenuated in the mutant mice. 
Using biochemical screen for proteins important for neuronal structure and transmission, 
surprisingly, we found that GluN1, the major NMDA subunit is reduced in the mature 
hippocampus. The reduce of GluN1 protein level in 3 month old CaMKII-Wnt5afl/fl mice 
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might account for the deficits of induction period of NMDA receptor dependent LTP 
(Figure 3.3). Together, these results reveal an unanticipated role for Wnt5a in enhancing 
GluN1 transcription in hippocampus through a non-canonical Wnt pathway that involves 
calcium-CaMKII-CREB activation.  
Given the dramatic alterations that we observed in dendritic complexity in Wnt5a 
mutant neurons, we reason that Wnt5a might regulate actin dynamics in hippocampal 
dendrites, necessary for growth and maintenance of dendrites and spines. Previous 
studies have shown that the small GTPases Rho, Rac and Cdc42 are critical regulators of 
actin assembly. Thus, we perform pull-down assays to probe for active GTPases in 
hippocampal lysates prepared from 1.5 month old Nestin-Wnt5afl/fl  and 3 months old 
CaMKII-Wnt5afl/fl  mice and their wild-type littermates. The active form of Rac-GTP is 
significantly reduced in the mature hippocampal neurons.  
Here we identified that Wnt5a function through the non-canonical pathway in the 
mature hippocampus. The downstream signaling effectors, including CaMKII, Rac1, and 
CREB, known to be important for dendrite structure development and maturation (Wong 
and Ghosh, 2002) were reduced as early as 1.5 months of age in Nestin-Wnt5afl/fl  mice. 
The down-regulation of small GTPase-mediated signaling and reduced of excitatory 
synaptic transmission are also critical factors in stabilizing neuronal connectivity (Cline 






All procedures relating to animal care and treatment conformed to institutional and NIH 
guidelines. Animals were housed in a standard 12:12 light-dark cycle. The generation of 
Wnt5afl/fl mice has been previously described (Ryu et al., 2013). Wnt5afl/fl mice were 
backcrossed to C57BL/6 background for at least 7 generations and maintained on a 
C57BL/6 background. Nestin-Cre and TOPGAL mice were obtained from Jackson 
Laboratory and CaMKII-Cre mice (T29-1 line) were a generous gift from Dr. Nicholas 
Gaiano. Sprague Dawley rats were purchased from Charles River. Hippocampal neuron 
cultures were established from embryonic day 18 (E18) rat pups as previously described 
(Araki et al., 2015). 
 
Reagents and antibodies 
The antibodies used in this study were previously validated for the following 
applications: Wnt5a (R&D Systems; AF645, western bloting), VGLUT1 (Millipore; 
AB5905, western blotting), PSD95 (NeuroMab, western blotting), GluA1 (JHMI 
monoclonal antibody core, western blotting), GluA2  (JHMI monoclonal antibody core, 
western blotting), GluN1 (Millipore; MAB363, western blotting), CaMKII (Cell 
Signaling; 4436, western blotting), Arc (JHMI monoclonal antibody core, western 
blotting), Tubulin (Sigma Aldrich; T-6199, western blotting), Rac1 (Millipore; 05-389, 
western blotting), P-CaMKII (Thr286) (Cell Signaling; 3316 and 12716, western 
blotting), P-CaMKIV (Thr196) (Santa Cruz; sc-28443-R, western blotting), CaMKIV 
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(Abcam; ab3557, western blotting), P-CREB (Ser133) (Cell Signaling; 9198, western 
blotting), CREB (Cell Signaling; 9104, western blotting), GluN2a (JHMI monoclonal 
antibody core, western blotting), GluN2b (JHMI monoclonal antibody core, western 
blotting), Akt (Cell Signaling; 9272, western blotting), Erk (Cell Signaling; 9102, 
western blotting), Nuclear matrix protein p84 (GeneTex; GTX70220, western blotting), 
Active -catenin (Millipore; 05-665, western blotting), p-JNK (Cell Signaling; 9251, 
western blotting), JNK (Cell Signaling; 9252, western blotting), pan-p-PKC (Cell 
Signaling; 9371, western blotting), p-GluA1-Ser831 (Millipore; AB5847, western 
blotting), NeuN (Millipore; MAB377, immuno-histochemistry), Neurofilament 
(Millipore; AB5539, immunohistochemistry), MAP2 (Sigma Aldrich; M9942, 
immunohistochemistry) Synaptophysin (Sigma Aldrich; S5768, western blotting) and 
Synapsin 1 (BD Transduction laboratories, 611392, western blotting). Golgi-Cox staining 
was done using the FD Rapid GolgiStainTM kit (FD Neurotechnologies Inc, PK401). 
Rac1/Cdc42 GTPase activity was measured by a kit (EMD Millipore; 17-441). GluN1 
promoter activities were followed with BioLux Cypridina and Gaussia luciferase assay 
kits (New England Biolabs Inc, E3309S and E3300S). Wnt5a conditioned media and L-
cell conditioned media were harvested from Wnt5a producing cells (ATCC CRL-2814) 
and L cells (ATCC CRL-2648). Both cell lines were first cultured in DMEM 
supplemented with 10% FBS for 2 days, and then the medium was changed to 




Brains isolated from mice anesthetized by isoflurane were quickly sectioned using a 
vibratome as described below in slice preparations. Brain slices (200 m) were then post-
fixed in 0.4% PFA for 15 min, incubated in Buffer B (100mM phosphate buffer at pH 
7.4, 2mM MgCl2, 0.01% sodium deoxycholate, 0.02% IGEPAL) then stained in Buffer B 
plus 5mM potassium ferricyanide, 5mM potassium ferrocyanide, and 1mg/ml X-gal for 4 
days. Reactions were stopped with 4% PFA and then washed with TBS and  mounted in 
VectaShield (Vector Laboratories). 
 
Rac1 GTPase activity 
The Rac1/Cdc42 Activation Assay (EMD Millipore; 17-441) was used to detect Rac1 
activity in hippocampal homogenates. Briefly, hippocampal lysates were pre-cleared with 
glutathione-agarose beads (100 l). Supernatants were incubated with a fusion protein 
(GST-PAK) coupled to agarose beads. GST-PAK specifically binds to Rac1 or Cdc42 in 
its GTP-bound form. Rac1-GTP in the pull-downs was detected by immunoblotting using 
a Rac1-specific antibody. 
 
Calcium imaging 
Hippocampal neurons from E18 rat pups were plated onto glass cover-slips coated with 
poly-L-lysine (1g/ml; Sigma-Aldrich) and grown in Neurobasal growth medium 
supplemented with 2% B27, 2 mM GlutaMax, 50 U/mL penicillin, 50 μg/mL 
streptomycin, and 5% FBS. Neurons were switched to serum-free Neurobasal medium 
24 hrs post-seeding and fed twice a week. Neurons were co-transfected with GCaMP3 
and TdTomato at 14–15 days in vitro (d.i.v.) using lipofectamine 2000 (Invitrogen). 
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Briefly, coverslips containing neurons were assembled onto a closed perfusion chamber 
and continuously perfused with ACSF buffer with 2mM Mg2+. After 10 min of baseline 
recording (F0), neurons were perfused with Wnt5a- or L-conditioned media diluted 
(1:500) in ACSF buffer with 1mM Mg2+ for 30 min. All imaging experiments were 
performed at 37°C using a Zeiss spinning disk confocal (Carl Zeiss, Thornwood, NY). 
The GCaMP3 was imaged at 488 nm excitation and collected through a 505–550 nm 
filter, while the TdTomato signal was imaged at 561 nm excitation and 575–615 nm 
emission. Neurons were imaged using a 63× oil objective (N.A. = 1.40) at a rate of 6 
images per min. Images were analyzed using ImageJ software (NIH) by calculating the 
normalized change in average GCaMP3 over TdTomato fluorescence intensities from 
neuronal soma. The fluorescence intensity change is expressed as ΔF/Fo and the 




All Student’s t tests were performed using two-tailed, unpaired, and a confidence interval 
of 95%. One-way or two-way ANOVA analyses were performed when more than two 
groups were compared. Statistical analyses were based on at least 3 independent 
experiments, and described in the figure legends. All error bars represent the standard 
error of the mean (s.e.m).   
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Chapter 6: Concluding remarks 
In this study, we identify Wnt5a to be an essential factor for synaptic plasticity and 
long-term stability of the dendritic architecture in the adult hippocampus as well as for 
related cognitive functions. Wnts are evolutionarily conserved signaling molecules that 
have been classically associated with embryonic patterning and establishment of neural 
circuits (Budnik and Salinas, 2011; Ciani and Salinas, 2005; Logan and Nusse, 2004). 
However, the roles of these classical developmental cues in the adult brain have been less 
defined. We provide several advances in this study; First, although there are 19 vertebrate 
Wnts, our results provide evidence that deletion of a single member, Wnt5a, is sufficient 
to elicit profound disruptions in synaptic plasticity, structural maintenance, and learning 
and memory behaviors in adult animals, highlighting the importance of this particular 
non-canonical Wnt in later-life functions. Second, we show that neuronal Wnt5a is 
essential for the maintenance of dendritic arbors and spines in the adult CA1 
hippocampus, although dispensable for their establishment during development. Third, 
we provide evidence that Wnt5a likely functions via CaMKII- and Rac1-mediated 
signaling cascades as well as by regulating the synthesis of GluN1 NMDA-type receptor 
subunits in mature hippocampal neurons. Finally, in the absence of Wnt5a, we observe 
molecular, physiological and behavioral changes that precede the onset of morphological 
defects by several months, suggesting that these early changes can be predictive of 
disease-related structural abnormalities in the adult brain. 
 The findings that the early deletion of Wnt5a in neurons did not elicit any structural 
abnormalities in CA1 pyramidal neurons in 1 month old Nestin-Wnt5afl/fl mice suggests 
that neuronal Wnt5a is dispensable for the establishment or maturation of hippocampal 
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connectivity in vivo. These results were surprising in the context of reported 
developmental functions for Wnt5a in cultured hippocampal neurons, and in embryonic 
processes in other brain regions (Bian et al., 2015; Varela-Nallar et al., 2010a; Zhang et 
al., 2007). In hippocampal neurons, several signaling pathways have been shown to 
influence dendrite morphogenesis, maturation and stability in vitro and in vivo (Emoto, 
2012; Koleske, 2013; Valnegri et al., 2015). Thus, in the absence of Wnt5a, other 
signaling mechanisms including other Wnt molecules (Rosso et al., 2005; Wayman et al., 
2006), could provide trophic support to hippocampal CA1 dendrite arbors and spines at 
least for the first several months of life in mice. Alternatively, Wnt5a derived from non-
neuronal sources may support hippocampal formation in the absence of neuron-derived 
Wnt5a. However, the profound defects in older Nestin-Wnt5afl/fl and CaMKII-Wnt5afl/fl 
mice suggest that these mechanisms are unable to compensate for Wnt5a loss at later 
stages of life. Rather, our findings argue that Wnt5a, likely derived from CA1 pyramidal 
neurons themselves, is critical for sustaining dendritic architecture in the adult 
hippocampus. To date, our limited understanding of the molecular cues that influence 
neuronal morphology in adult animals has largely come from analyses of cortical neurons 
in genetically modified mice. Among the examples are adult mice with deletion of BDNF 
and its receptor TrkB (Gorski et al., 2003; Xu et al., 2000), the adhesion molecule delta-
catenin (Matter et al., 2009), and the tumor suppresor PTEN (Chow et al., 2009). Our 
findings identifying Wnt5a as being essential for the maintenance of adult CA1 
hippocampal neurons is relevant to understanding the structural bases of hippocampus-
dependent behaviors.  
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Recent studies indicate that exogenous application of Wnt proteins and broad-
spectrum Wnt inhibitors affect synaptic plasticity and cognitive functions in adult 
organisms (Cerpa et al., 2011; Chen et al., 2006; Fortress et al., 2013; Jensen et al., 2012; 
Liu et al., 2014; Maguschak and Ressler, 2011; Oliva et al., 2013; Shimogori et al., 2004; 
Tabatadze et al., 2012; Vargas et al., 2014). Our results suggest that synaptic plasticity is 
most susceptible to the loss of Wnt5a. CaMKII-Wnt5afl/fl mice had impaired hicampal 
CA1 LTP and related behavioral defects at 3 months of age, a time when basal synaptic 
transmission and dendritic morphology are intact. The normal pre-synaptic properties 
indicates that Wnt5a acts primarily at post-synaptic sites. Recombinant Wnt5a has 
previously been shown to acutely modulate NMDAR-mediated synaptic transmission in 
rat hippocampal slices (Cerpa et al., 2011). Our biochemical analyses suggest that Wnt5a 
may modify synaptic strength through CaMKII-mediated signaling events including the 
phosphorylation and subsequent trafficking/conductance of AMPA-type glutamate 
receptors as well as Rac1-dependent regulation of actin dynamics in dendritic spines. Our 
findings also suggest that attenuated NMDA receptor synthesis may be a contributing 
factor to the functional and behavioral defects in Wnt5a mutant mice. Mice with 
forebrain-specific deletion of GluN1 using the CaMKII-Cre (T29-1) transgenic mice 
lacked NMDA-mediated currents and plasticity at CA1 synapses, and had profound 
defects in spatial memory acquisition (Tsien et al., 1996b). Although NMDA receptor-
mediated LTD is impaired in mice with CaMKII-Cre-mediated deletion of GluN1 (Tsien 
et al., 1996b), that we observed normal LTD responses in CaMKII-Wnt5afl/fl mice can be 
attributed to the fact that residual GluN1 expression in Wnt5a mutant mice may still 
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allow sufficient Ca2+ influx to promote LTD, consistent with the view of differential Ca2+ 
requirements for LTD versus LTP (Dudek and Bear, 1992; Mulkey and Malenka, 1992).  
Although molecular changes in key signaling cascades known to be critical for 
hippocampal circuitry are initiated early with Wnt5a deletion, intriguingly, there was a 
prolonged delay in the appearance of structural defects. Biochemical alterations in 
signaling effectors, CaMKII, Rac1, and CREB known to be critical for dendrite arbor 
morphogenesis and maturation (Wong and Ghosh, 2002), were detected as early as 1.5 
months of age in Nestin-Wnt5afl/fl  mice, but degenerative changes in structure were not 
manifested until several months later in adult mice. We reason that neuronal architecture 
in the mature brain may be tolerant of a range of downregulation of the levels and 
activities of these signaling effectors, in contrast to developmental stages. The down-
regulation of small GTPase-mediated signaling or excitatory synaptic transmission, 
postulated to be critical determinants in stabilizing neuronal connectivity (Cline and 
Haas, 2008; Nakayama et al., 2000; Van Aelst and Cline, 2004) may not be sufficient to 
trigger degenerative changes until a critical low level of activity is reached over time. 
Alternatively, there may be yet to be identified intracellular signaling activities that may 
be down-regulated at a slower pace that underlie the delayed appearance of structural 
abnormalities in Wnt5a mutant mice.  
The phenotypes in adult Wnt5a mutant mice are reminiscent of the chronic 
neurodegenerative scenario. The early LTP defects and the cognitive decline followed by 
retraction of dendrites and spine loss bear similarities to the progression of events in 
animal models of Alzheimer’s disease (AD) (Walsh and Selkoe, 2004), although we 
found no measurable neuronal loss in adult Wnt5a mutant mice. Additionally, the early 
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molecular changes observed in Wnt5a mutants may be predictive of disease-related 
structural abnormalities. Thus, early and modest insults to calcium- and cytoskeletal-
based signaling cascades may accumulate over time to ultimately result in dendritic 
regression in neurodegenerative situations. Recent genetic evidence implicates 
deficiencies in Wnt signaling, largely the canonical arm, in the synaptic dysfunction and 
cognitive impairments in AD (De Ferrari and Inestrosa, 2000; De Ferrari et al., 2007). 
Our work highlights the significance of non-canonical Wnt signaling in maintaining 
synaptic function and connectivity in the adult brain and suggests a neuroprotective 
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